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Resumo 

A biomassa lignocelulósica é um dos principais recursos energéticos alternativos para lidar com os 

problemas de aquecimento global e depleção dos recursos de combustíveis fósseis. O bagaço de uva é 

um exemplo de biomassa lignocelulósica que é composta por celulose, hemicelulose, lignina e outros 

compostos (ceras, taninos, etc.).. 

Assim, a valorização integral da biomassa do bagaço de uva branca e vermelha foi realizada de forma a 

maximizar o seu valor económico, para a produção de bio-açúcares, lignina, compostos fenólicos e 

nanocelulose. O processo foi iniciado com o fracionamento dos extrativos por Soxlet no qual foi possível 

verificar que independentemente do processo de extração aplicado, a % de extrativos é 

consideravelmente maior em bagaço de uva branca do que em uva vermelha (ca. 20%). A remoção da 

lignina para aumentar a acessibilidade aos açúcares e digestibilidade foi realizada através de uma reação 

alcalina. As concentrações de lignina mais elevadas (ca. 50 %) foram obtidas utilizando 1 % NaOH 

durante 60 min. Posteriormente, de forma a obter açucares fermentáveis (bio-açúcares), foram testadas 

hidrólises ácida e enzimática (celluclast e β-glucosidase) no material deslignificado. A hidrólise com 

ácido sulfúrico a 3,5% permitiu obter uma concentração máxima de glicose (3,22 g/L), xilose (7,29 g/L) 

e arabinose (0,91 g/L). No entanto, as concentrações mais elevadas de açúcares foram obtidas por 

hidrólise enzimática do que por hidrólise ácida diluída, com valores de glicose com 6,06 g/L e xilose 

com 8,08 g/L. De forma, a validar a fermentabilidade dos açucares, estirpes de Pichia stipitis e 

Saccharomyces cerevisiae foram avaliadas, e caracterizadas quanto à produção de etanol em meios 

produzidos com açucares provenientes de ambas as hidrolises ácidas e enzimáticas. Pichia stipitis 

mostrou ser a estirpe de levedura com o melhor crescimento e produção de etanol nos meios de cultura 

preparados com os açucares derivados da hidrólise enzimática. Foram obtidos rendimentos de etanol de 

cerca de 0,22 g/L ao longo dos estudos de fermentação. Saccharomyces cerevisiae foi capaz de produzir 

etanol em ambos os tipos de meio produzidos com açúcares obtidos das hidrólises ácidas e enzimáticas, 

mas no geral o rendimento de etanol foi baixo ca. 0,14 g/L e 0,005 g/L respectivamente. Desta forma, 

foi possível concluir que a fermentação com os meios com açucares derivados da hidrolise enzimática 

e com a estirpe Pichia stipitis, foram as melhores condições encontradas para produzir etanol. Por fim, 

a parte cristalina da celulose que não sofreu hidrólise foi valorizada para produção de nanocelulose. Foi 

possível produzir nanocelulose com tamanhos de ca. 295nm e um potencial zeta de -37 mv.  Pela 

primeira vez, a biomassa de bagaço de uva é reportada como uma fonte de nanocelulose, eventualmente 

potenciando o seu valor.  

Palavras-chave: Bagaço de uva, Fermentação, Lignina, Composto fenólico, Nanocelulose. 
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Abstract 

Lignocellulosic biomass is one of the potential and key alternative energy resources to deal with the 

problems of global warming and depletion of fossil fuel resources. Grape stalk is an example of 

lignocellulosic biomass which is composed of cellulose, hemicellulose, lignin and other compounds 

(waxes, tannins, etc.). 

Thus, the integral recovery of the biomass of the white and red grape stalk was carried out in order to 

maximize its economic value for the production of bio sugars, lignin, phenolic compounds and 

nanocellulose. The process was started with the fractioning of the extractives by Soxhlet, in which it 

was possible to verify that, regardless of the extraction process applied, the% of extractives is 

considerably higher in white grape stalk than in red grape stalk (ca. 20 %). Removal of lignin to increase 

the accessibility to sugars and digestibility was performed by alkaline reaction. The highest lignin 

concentrations (ca. 50 %) were obtained using 1 % NaOH during 60 min. Subsequently, to obtain 

fermentable sugars (bio sugars), acid and enzymatic hydrolysis (celluclast and β-glucosidase) were 

tested in the delignified material. Hydrolysis with 3.5% sulfuric acid yielded a maximum concentration 

of glucose (3.22 g/L), xylose (7.29 g/L) and arabinose (0.91 g/L) during 60 min. However, higher 

concentrations of sugars were obtained by enzymatic hydrolysis than by dilute acid hydrolysis, with 

glucose values of 6.06 g/L and xylose with 8.08 g/L. In order to validate the fermentation of the sugars, 

strains of Pichia stipitis and Saccharomyces cerevisiae were evaluated, and characterized in the ethanol 

production in media produced with sugars from both acidic and enzymatic hydrolysis. Pichia stipitis 

showed to be the yeast strain with the best growth and ethanol production in the culture media prepared 

with sugar derived from enzymatic hydrolysis. Ethanol yields of about 0.22 g/L were obtained 

throughout the fermentation studies. Saccharomyces cerevisiae was able to produce ethanol from in 

both types of media produced with sugars from enzymatic and acid hydrolysis, but overall ethanol yields 

were lower ca. 0.14 g/L and 0.005 g/L respectively. In this way, it was possible to conclude that the 

fermentation with the media with sugars derived from enzymatic hydrolysis and with the strain Pichia 

stipitis were the best conditions found to produce ethanol. 

Finally, the crystalline part of the cellulose that did not undergo hydrolysis was valued to produce 

nanocellulose. It was possible to produce nanocellulose with sizes ca. 295 nm and zeta potential of -37 

mv. For the first time, grape stalk biomass is reported as a source of nanocellulose, eventually boosting 

its value. 

Key words: Grape stalk, Fermentation, Lignin, Phenolic compound, Nanocellulose. 
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1. Introduction  

1.1. Wine and Winery waste 

Wine is an alcoholic beverage from fermentable carbon sources performed by yeasts mainly 

(but not exclusively) by strains of Saccharomyces cerevisiae (Jackson, 2008).  It is the oldest 

and most economically important of all biotechnologies, that has been enjoyed from ancient 

times to modern times by many people for more than 7.5 thousand years (Bayrak, 2013). Even 

today wine industry constitutes an important part of the economy in several regions of the 

world. According to OIV (The International Organization of Vine and Wine), the world 

production of wine was of ca. 259 Million hl in 2016, especially by countries such as Italy (48,8 

Mhl), France (41,9 Mhl) and Spain (37,8 Mhl), which are the main wine producers in Europe 

and worldwide.  

Wine can be produced with honey, grains, rice, sugarcane and fruits usually grape. Grapes are 

one of the main agro-economic crops in the world, with more than 75 million tons produced 

every year and ca. 50 % is utilized in the wine-making process (FAO-OIV, 2016; Zhu et al., 

2015).  

Wine making process basically transforms sugar of grapes into ethanol and involves the 

generation of wastes that can be divided into two main categories, solid and liquid wastes 

(Figure 1.1). Solid wastes of grape are the stalk, pomace and lees. Grape stalk is obtained after 

the destemming process, while grape pomace obtained after the pressing process and consists 

of processed skins and seeds. On the other hand, lees are produced throughout the fermentation 

and sedimentation steps and contain dead yeast cells. Liquid waste is generated from the water 

used in the bottling steps of the wine making process (Zacharof, 2017; Oliveira et al., 2016). In 

terms of production, the solid by-products such as pomace are the ones that are produced in 

higher quantities, followed by stalks as shown in Figure 1.2.  

Moreover, the production of 100 L of white wine gives rise to about 31.2 Kg of by-products 

(including 17 kg of skins and 4 kg of stalks) and about 25 kg of by-products arise from 

production of 100 L of red wine (including 13.2 kg of skins and 4 kg of stalks) (Prozil et 

al.,2012). 

 

 

 

 

 

 



2 

 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 1. Diagram of the winemaking process and the different wastes generated along the process 

(adapted from Devesa-Rey et al., 2011; Zacharof et al., 2017; Oliveira et al., 2016) 
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to recover ethanol and tartaric acid but the use of this waste for the extraction of antioxidant 

flavanols, used as a nutritional supplement, may provide an important economic advantage 

(Oliveira et al., 2016).  

 

 Table 1. 1. Solid wastes and potential use already explored (Adapted from Oliveria et al, 2016) 

Waste Uses Reference 

Grape pomace Polyphenol production 

 

 

 

Lactic acid production 

 

Ethanol and tartaric acid production 

Tannins, polyphenols and oil production 

 

Arvanitoyannis et al. (2006), Santamaría et al. 
(2002), Alonso et al. (2002), Sakata et al. 

(2010) 

 

 

Devesa-Rey et al. (2011), Silva et al. (2011) 

 

Yalcin et al. (2008) 

Devesa-Rey et al. (2011), Silva et al. (2011) 

Stalk Plant substrate 

 

Polyphenol production 

Arvanitoyannis et al. (2006), Bustamante et al. 

(2009) 

Alonso et al. (2002) 

Lees Tartaric acid production Yalcin et al. (2008) 

 

1.2. Grape Stalk 

Grape stalks are the skeletons of grape bunch and are composed mainly by lignocelluloses. 

Lignocelluloses contains polysaccharides such as cellulose and hemicelluloses and fiber as 

lignin. Other minor compounds and ash are also present as shown in Table 1.2 (Mood et al., 

2013).  

There are several works that explore stalks as source of different value-added compounds 

(Table 1.3). The reducing sugars are one example of compounds that can be obtained by the 

processing of the complex carbohydrates (cellulose and hemicellulose). Some processes such 

as polysaccharides acid and enzymatic hydrolysis have been studied and optimized along the 

last years. Nevertheless, the application of this process exclusively to produce ethanol with 

stalks sugars is certainly not attractive in terms of costs and gains. Hence, since stalks are rich 

in other valued compounds, an integrated valorization of these wastes and consequent 

generation of different compounds can be applied, increasing the gains and attracting the 

companies to explore these materials.  

In this context, this thesis is focused on the valorization of two types of grape stalk (red and 

white) as biomass for biorefineries to produce second generation ethanol and value-added 

compounds (cellulose, hemicellulose, lignin, phenolic compounds, nanocellulose). There are 

several works that explore stalks composition and few with experimental optimization of 

processes to convert stalk cellulose and hemicelluloses in reducing sugars or other compounds 

with value (Spigno et al., 2008; Ping et al., 2011). None has explored an integrated valorization 
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of other compounds besides sugars. One example is nanocellulose, which consists of the 

crystalline part of cellulose that is resistant to hydrolysis processes and that is claimed for their 

interesting properties. Cellulose can be used for fiber production (Frederick et al., 2008), lignin 

can be hydrolyzed to obtain phenolic compounds and used as natural antioxidant and 

antimicrobial agent and hemicellulose can be further hydrolyzed to increase the concentration 

of fermentable sugars (Dogaris et al., 2009). 

 
Table 1. 2. General composition of grape stalks obtained by three authors. 

Compound Spigno et al. (2008) Ping et al. (2011) Lorenzo et al. (2002) 

Klason lignin 47.3 39.6 22.9 

Soluble lignin  1.0  

Cellulose 25.3 36.3 29.9 

Hemicellulose 13.9 24.5 35.3 

Xylans 10.0 14.9  

Arabinans 3.9 3.7  

Mannans  2.0  

Galactans  3.9  

Ash 7.7 3.9  

Tanins  6.4  
* All data are yields of components (g) per 100g of oven-dried grape stalk. 

 

 
Table 1. 3. Explored uses/applications of grape stalks. 

Grape Cultivar Valorization studies of grape stalks Reference 

 

Pinot Nero 

Mixture of Barbera and 

Bonarda 

 

Lignocellulosic fractionation and 

chemical characterization 

 

 

Spigno at al., (2008) 

Amendola et al. (2012) 

Barbera 

Bobal 

Antioxidants recovery Spigno and De Faveri (2007); 

Garcia-Perez et al., (2010); Cárcel et al. 
(2010) 

 

Bonarda and Barbera 

 

Fermentable sugars via enzymatic 

treatment for biofuel production 

 

Mazzaferro et al., (2011) 

Not specified Removal of toxic compounds 

(mainly metals) 

Pocha and Villaescusa (2010) 

Wilson et al. (2012) 

Not specified Production of activated carbon Martínez et al. (2009) 

Not specified Fermentation substrate Lorenzo et al. (2002); Khot et al. (2012) 
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1.3. Added-value Compounds of Grape Stalk 

1.3.1. Lignocellulose 

Lignocellulose is composed of cellulose, hemicelluloses and lignin. Cellulose is the main 

component of plant cell walls and it consists of D-glucose subunits which are linked together 

by 𝛽-1,4-glycosidic bonds (Sakimoto et al., 2017). The chemical formula of cellulose is 

(C6H10O5)n and the structure of one chain of the polymer is presented in Figure 1.3. Hence, 

cellulose is an excellent source of glucose for fermentation processes. 

 

Figure 1. 3. Structure of single cellulose molecule. Reprinted from Harmsen et al., 2010. 

 

On the other hand, hemicellulose is group of polysaccharides which consist of hexoses (D-

glucose, D-galactose and D-mannose) as well as pentose (D-xylose and L-arabinose) and small 

amount of D-glucuronic, D-galacturonic and methylgalacturonic acids. Xylan is the most 

abundant hemicellulose in grape stalk. It is followed by arabinan, galactan and mannan (Spigno 

et al., 2008). 

Finally, lignin is a complex phenolic polymer that is present in lignocellulosic compounds 

arounds 15-20%. It is also known as the substance that makes up the woody structure of the 

root and stem of the plant. As a heteropolymeric aromatic compounds include coniferyl, sinapyl 

and p-coumaryl alcohols and due to the presence of functional group, lignin has antioxidant and 

antimicrobial properties (Watkins et al., 2015). Pan et al. (2006) showed that lignin of hybrid 

poplar at elevated temperature, longer reaction time, increased level of catalyst and diluted 

ethanol presented higher antioxidant activities based on 1,1-diphenyl-2-picrylhydrazyl (DPPH) 

assay. Also, Nada et al. (1999) studied the antimicrobial activities of the different lignin’s 

precipitated from the pulping liquor and the results showed that prepared lignin had no 

antimicrobial effects against the Gram-negative bacteria (Escherichia coli) and filamentous 

fungi (Aspergillus niger) but was effective against the Gram-positive bacteria (Bacillus subtilis 

and Bacillus mycoides). Lignin has been used for several applications as raw material, such as 
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syngas production, hydrocarbons, phenols, oxidized products and macromolecules (Holladay 

et al. 2007).  

1.3.2. Other compounds 

1.3.2.1.  Phenolic compounds 

Grape stalk contains large amounts of phenolic compounds and most of them are originated 

from lignin. These phenolic compounds are chemical compounds that can be used as natural 

antioxidants and microbial growth inhibitors.  

The antioxidant activities of the winery byproducts derived extracts largely depend on the 

extraction efficiency of bioactive components, which is mostly phenolics and their profile and 

diversity. The extraction yields of phenolic compounds from winery by-products is affected by 

different factors, such as the extraction techniques, solvents, time, temperature and many others. 

Previous studies have tested solvents, such as methanol, ethanol, acetone, ethyl acetate and their 

combinations for the extraction of phenolic compounds in winery by-products. Flavonoids are 

most common phenolic compounds found in grape stalks. 

1.3.2.2. Nanocellulose 

Nanocellulose can be obtained from cellulose and has a rigid rod-shaped structure, is 1-100 nm 

in diameter, and is tens to hundreds of nanometers in length. Nanocellulose is categorized into 

nanocrystalline cellulose (NCC) and nanofibrillated cellulose (NFC). Both types of 

nanocellulose are chemically similar, but dissimilar as physical characteristic since NFC has 

“spaghetti” and NCC has “rice” form (Lee et al.,2014). Nanocellulose has various superior 

characteristics which are nanoscale dimension, high surface area, unique optical properties, 

high crystallinity, and stiffness together with the biodegradability and renewability of cellulose. 

Because of their properties, nanocellulose could be used for several applications, immobilized 

enzyme/protein (Edwards et al., 2012), blood vessel replacement (Brown et al., 2013), drug 

delivery (Jackson et al., 2011), nucleus pulposus replacement (Eyholzer et al., 2011), food 

packaging (Ferrer et al., 2017) and antimicrobial nanomaterials (Fortunati et al., 2014) 

The extraction of nanocellulose includes always the removal of the amorphous part of cellulose 

leaving the crystalline part using acid hydrolysis, or alkaline hydrolysis, delignification via 

oxidation, organosolv pretreatment and ionic liquids pretreatment to cellulose depolymerization 

for nanocellulose synthesis (Ng et al., 2015).  

Acid hydrolysis treatments promotes the breakage of 𝛽-1,4 glycosidic bonds of cellulose and is 

a process with lowering energy consumption. Cellulose has crystalline and amorphous forms 

and the amorphous regions will break up releasing the individual crystallites when subjected to 

acid treatment (Figure 1.4) (Mondal, 2017). The amorphous part of cellulose is composed of 
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the sugars, especially glucose. Hence, in this thesis considering that the amorphous part of 

cellulose is first removed by similar processes that are used to obtain nanocellulose, the final 

crystalline part that is generated was used to produce nanocellulose.  

In addition, enzymatic process for nanocellulose synthesis offers the potential for higher yields, 

higher selectivity, lower energy costs and milder operating conditions than chemical processes. 

 

Figure 1. 4. Depolymerization cellulose to nanocellulose. Reprinted from Lee et al.,2014. 

 

1.4. Deconstruction of lignocelluloses in cellulose, hemicelluloses and lignin 

Cellulose of grape stalk residues are not available for hydrolysis due to its binding to 

hemicellulose and enclosure by lignin. Therefore, a pretreatment of the residue must be 

employed to remove lignin. These pretreatment processes are crucial steps for the biochemical 

conversion of lignocellulosic biomass into e.g. bioethanol. It is required to alter the structure of 

cellulosic biomass to make cellulose more accessible to the enzymes that convert the 

carbohydrate polymers into fermentable sugars (Mosier et al., 2005). 

There are several pretreatment methods which consist of physical (grinding and milling, 

microwave and extrusion), chemical (alkali, acid, organosolv, ozonolysis and ionic liquid), 

physicochemical pretreatment (steam explosion, liquid hot water, ammonia fiber explosion, wet 

oxidation and CO2 explosion) or biological pretreatments (Figure 1.5) (Mood et al., 2013).  
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Figure 1. 5. Pretreatment upstream processes. Reprinted from Limayem et al. (2012). 

 

 

In this thesis, the chemical treatment approach based on alkaline solvents was used, by means 

of optimized parameters by other researchers (Feist et al., 1970; Sun and Cheng, 2002; Pujol et 

al., 2013). The reasons are related to the advantages that were found and described below, not 

only for wine wastes pretreatment, but also for other residues.  

In terms of alkaline solvents, the most common are sodium hydroxide (NaOH), potassium 

hydroxide (KOH) and calcium hydroxide (CaOH2) (Bali et al., 2015). Alkaline pretreatment 

increases the porosity and surface area of cellulose, decreases the degree of polymerization and 

crystallinity of cellulose, destroying the structural linkages between lignin and carbohydrate by 

saponification of intermolecular ester bonds and disrupting the lignin structure by breaking its 

glycosidic ether bond (Figure 1.6) (Fan et al., 1987; Soccol et al., 2011). In addition, compared 

to other pretreatment processes, the alkaline process brings several advantages such as low 

operation costs, reduced degradation of holocellulose, high solubilization of lignin and low 

formation of fermentation inhibitors (Cheng et al., 2010).  
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Figure 1. 6. Schematic presentation of effects of pre-treatment on lignocellulosic biomass. Reprinted 

from Kumar et al. (2009). 

 

1.4.1. Hydrolysis 

1.4.1.1 Enzyme Hydrolysis 

To obtain bioethanol from lignocellulosic biomass, the biomass is subjected to various 

processes, such as pretreatment, saccharification and ethanol fermentation. Pretreatment is 

essential to make cellulose accessible to enzymes. Enzymes processes are preferred over 

chemical treatments such as acid or alkaline hydrolysis, because of the minimized loss of 

monomers, decreased production of by-products during hydrolysis and higher conversion 

efficiencies (Waldron, 2010; Bon et al, 2007). Besides that, it has a disadvantage that enzyme 

process is slower than chemical hydrolysis (Cardona et al., 2010). 

There are several enzymes for the hydrolysis of biomass such as cellulase, xylanase, ligninase, 

pectinase, etc. Cellulase is the most important enzyme if the biomass contains about 40% or 

above cellulose. Cellulase is a multi-enzyme complex of three different enzymes; exoglucanase, 

endoglucanase and beta-glucosidase (Singhania et al., 2013). Firstly, endoglucanase cleaves 

between cellulose fibers and it releases small cellulose fragments with free reducing and then 

non-reducing ends, which are attacked by exoglucanase to release small oligosaccharides and 

finally cellobiose is hydrolyze into glucose monomers by beta-glucosidase. Beta-glucosidase is 

limiting enzyme which is complete the final step of hydrolysis by converting the cellobiose to 

glucose (Singhania et al., 2013). 

Overall, the success of the conversion of lignocellulose into fermentable sugars relies in the 

feedback properties, pretreatment type and conditions, and the type of substrate and substrate 

concentration, enzyme combination and its dosage and process conditions (temperature, pH, 
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residence time, etc.) (Pengilly, 2013). When fermentation takes place, it is important to maintain 

high carbohydrate concentrations during hydrolysis to achieve high ethanol concentrations 

during fermentation (Cortez et al., 2010). For this reason, following the route of enzymatic 

hydrolysis, there are four different fermentation-hydrolysis configurations for pretreated 

lignocellulose, namely: separate hydrolysis and fermentation (SHF), simultaneous 

saccharification and fermentation (SSF), simultaneous saccharification and co-fermentation 

(SSCF) and lastly, consolidated bioprocessing (CBP) (Olsson et al., 2005). In this study, a 

separate hydrolysis and fermentation (SHF) was carried out. 

1.4.1.2. Dilute acid hydrolysis 

The main advantages of the dilute hydrolysis process are the low amount of acid required (2-

5%) and low amounts of produced fermentation inhibitors (Mood et al., 2013).  Several types 

of acids can be used, such as sulphuric, hydrocloric, acetic, phosphoric, nitric and formic acid 

(Galbe and Zacchi, 2002). Sulphuric and hydrochloric acids are the most commonly used 

catalysts for hydrolysis of lignocellulosic biomass (Lenihan et al., 2010).    

Dilute-acid hydrolysis has become cost-effective alternative to enhance biomass separation to 

isolate cellulose, hemicellulose, and lignin which can further be used for nanocellulose 

synthesis and chemical production. Generally, dilute acid can dissolve and recover most of the 

hemicellulose as dissolved sugars up to 100% conversion under low process severity (low 

temperature and low acid concentration) (Lee et al., 2014).  

Dilute acid hydrolysis consists of two chemical reactions. One reaction converts cellulosic 

materials to sugar and the other converts sugars into other chemicals, many of which inhibit the 

growth of downstream fermentation yeasts. The same conditions that cause the first reaction to 

occur, simultaneously cause over-degradation of sugars and lignin, creating inhibitory 

compounds such as organic acids, furans, and phenols (Zhang and Shahbazi, 2011). 

1.4.1.3. Production of inhibitors  

Comparing to cellulose, hemicellulose can be easily hydrolyzing by diluted acid, alkali, or 

enzymes under mild conditions. However, during hemicellulose hydrolysis, pentose sugar 

monomers dehydrate to the inhibitor furfural. Also, hexose sugars degrade to the toxic 

hydroxymethyl-furfural (HMF). Those unwanted coproducts (furfurals and hydroxymethyl 

furfurals) and some other inhibitors (Figure 1.7) that have toxic effects on the fermenting 

organisms and reducing the ethanol yield and productivity during fermentation. However, it 

does not affect nanocellulose synthesis.  
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Figure 1. 7. Major types of inhibitors for fermentation and their chemical structure. Reprinted from 

Mussatto and Roberto, 2004. 

 

1.5. Production of second-generation ethanol 

The burning of fossil fuels contributes to the emissions of greenhouse gases as well as global 

warming that causes climate change, rise of sea level, loss of biodiversity and urban pollution. 

Bioethanol is one of the most promising alternatives to fossil fuels, which can be produced from 

various renewable sources rich in carbohydrates (Zabed et al., 2017). 

During the last decade, the production of bioethanol from biomass materials received more 

attention in the worldwide. In the U.S., bioethanol is primarily produced from corn starch 

feedstocks (1G) while in Brazil biofuel is mainly produced from sugarcane juice and molasses 

(1G). Together, these countries account for 89% of the current global bioethanol production 

(Limayem et al., 2012). 

In addition, bioethanol can be produced from different types of lignocellulosic biomass 

fermentation which is called second generation ethanol (2G) (Figure 1.8).  

  

Figure 1. 8. A simplified flow sheet to produce ethanol from lignocellulosic biomass. Reprinted from 

(Pengilly, 2013). 
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The major limitations of lignocellulosic fermentation are the high costs of enzymes and slow 

hydrolysis rates of lignocellulose to obtain degradation results that are reasonable (Banerjee et 

al., 2010; Bansal et al., 2012, 2009) A recent NREL report stated that enzymes can contribute 

up to 25 % of the conversion cost (which excludes the cost of the feedstock) (Bansal et al., 

2012; Pengilly, 2013). Additionally, it has several advantages when compared to sugar- or 

starch-derived bioethanol (1G). For instance, the cellulosic materials are renewable, low cost 

and are available in large quantities. 2G biofuels can be generated from forest and agricultural 

residues and by-products present a promising alternative to the current problem of resource 

competition with the food production from agriculture (Pengilly, 2013; Sarkar et al., 2012). The 

utilization of other plant residues and feedstocks could help to mitigate the limitation of land 

and biomass availability, and thus represents a better alternative for large scale bioethanol 

production than 1G technologies (Pengilly, 2013). 

Kim and Dale (2004) reported that 442 billion liters of bioethanol can be produced from 

lignocellulosic biomass and that total crop residues and wasted crops can produce 491 billion 

liters of bioethanol per year, about 16 times higher than the actual world bioethanol production 

(Gupta et al., 2015).  

Hence, bioethanol production could be the route to the effective utilization of agricultural 

wastes. For this reason, grape stalks are chosen as bioresource for bioethanol production. 

Nevertheless, in order to have viability as already mentioned, it should be included in an 

integrative process of valorization, in a concept of biorefinery, with the production of other 

compounds beside bioethanol. 

1.6. Fermentation 

The polysaccharides that are hydrolyzed into fermentable sugars i.e. glucose and xylose, are 

converted by yeasts into ethanol and carbon dioxide, with the generation of heat. The main goal 

during fermentation to reach an ethanol yield closest to the maximum theoretical value of 0.51 

g ethanol. g-1
consumed sugar (Olsson et al,2005). The fermentation is usually carried out in large, 

closed stainless-steel tanks, which are temperature controlled to lower the fermentation 

temperature as appropriate. 

Saccharomyces cerevisiae is one of the widely studied and used yeast in starch- and sucrose-

based ethanol production, which can produce high ethanol yields (> 0.45 g.g-1), has high 

tolerance to ethanol (> 100 g.L-1) and can tolerate to inhibitors presence that are produced 

during biomass pretreatment, as previously mentioned (Cortez, 2010; Olofsson et al., 2008). 
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Moreover, S. cerevisiae is GRAS (generally recognized as safe) for human consumption which 

enhances its advantageous utilization more than other yeasts and microorganisms.  

During chemical pretreatment, pentose and hexose carbon sugars are produced. S. cerevisiae 

can only ferment hexose sugars such as glucose, mannose and galactose (Cortez, 2010). It 

cannot ferment pentose sugars e.g. xylose and arabinose which are being the main building 

blocks of hemicelluloses (Cortez, 2010). The development of microorganisms that efficiently 

ferment these hemicellulose sugars is, xylose-fermenting yeasts, e.g. Pichia stipitis and 

Candida shehatae, can therefore be beneficial for use in the fermentation of materials that have 

high xylan content, such as lignocellulosic biomass (Olofsson et al., 2008).  

1.7. Work objectives 

Considering the exposed in introduction, the main objective of this thesis was to evaluate the 

grape stalks as a potential source of compounds with value for use in several applications, 

employing the concept of a biorefinery. For such, the optimization of methods was performed 

to achieve the deconstruction of grape stalks biomass to obtain phenolic compounds extracts, 

lignin, fermentable sugars and nanocellulose. Finally, the sugars extracted were tested in 

fermentation processes for production of 2G ethanol. (Figure 1.9). 
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Figure 1. 9. Work objectives of thesis. Evaluation of the potential grape stalks to be used in a 

biorefinery. 
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2. Materials and Methods 

2.1. Materials   

Red Grape stalk (Vinhão variety) was provided by Quinta do Mascate in Braga and white grape 

stalk (Loureiro variety) from Sogrape company located in Barcelos (Portugal). After their 

arrival they were kept at -80°C in sealed plastic bags. Both varieties material was dried in an 

oven at 60 °C for 24 h and then milled with a small kitchen grinder. The milled material was 

called GS red or white.  

 

Figure 2. 1. (A) Grape stalk; (B) Grape stalk after milling.   

2.2. Fractioning processes  

2.2.1. Extractives fractioning 

Extractives were separated from the two GS materials (red and white) owing to their solubility 

in water or neutral organic solvents following the protocols described in NREL (2008).   

Two processes were tested to decrease the time of extraction and save costs. The first process 

with deionized water was performed for 6 h, while the second one was the recommended by 

the protocol, which consisted of a successive solvent extraction with water and ethyl alcohol 

(Carlo Erba, Vel De Reul, France) by 6 and 16 h, respectively. Both were performed in a Soxhlet 

extractor equipment. The extractives contents solubilized by each solvent were determined 

using the difference between the mass values of the original material and solid residue after 

drying at 100°C for 24 h. After extraction, the liquid phase (extract) was kept at -20 °C. Results 

were reported according to equation 1, as a percentage of the oven dry weight (ODW). The 

final solid material without extractives was called GSWE (grape stalk water extracted) and 

GSWEE (grape stalk water and ethanol extracted) red or white. 

 

A B 
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𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒𝑠 % = 𝑊𝑒𝑖𝑔ℎ𝑡𝑓𝑙𝑎𝑠𝑘 𝑝𝑙𝑢𝑠 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒𝑠−𝑊𝑒𝑖𝑔ℎ𝑡𝑓𝑙𝑎𝑠𝑘𝑊𝑒𝑖𝑔ℎ𝑡𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 × 100         (1) 

Where, the weight flask plus extractives corresponds to the mass of the sample after treatment in grams 

(g), the weight flask to the mass of the empty flask in grams (g) and weight initial sample to the mass 

of the initial samples in grams (g). 

2.2.2. Alkaline pretreatment of grape stalk 

Red and white grape stalks without extracts were pretreated following optimized parameters by 

other researchers (Egüés et al., 2013; Pujol et al., 2013). These were soaked with 1 % NaOH 

(Eka, Bohus, Sweden) solution at the ratio of 1: 10 (solid: liquid) for 15 and 60 min in autoclave. 

After this process, samples were centrifuged and cleaned with deionized water until the black 

color disappearance and achievement of neutral pH values. All supernatants were collected and 

join in a final solution called black liquor, which was stored at refrigerated conditions until 

further use.  

The resulting delignified solid material was further subject to drying at 100ºC during 24 h and 

was called DGS.  𝐷𝑒𝑙𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛  % = 𝑊𝑒𝑖𝑔ℎ𝑡𝑓𝑙𝑎𝑠𝑘 𝑝𝑙𝑢𝑠 𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒−𝑊𝑒𝑖𝑔ℎ𝑡𝑓𝑙𝑎𝑠𝑘𝑊𝑒𝑖𝑔ℎ𝑡𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 × 100         (2) 

Where, the weight flask plus pretreated sample corresponds to the mass of the sample after alkaline 

treatment in grams (g), the weight flask to the mass of the empty flask in grams (g) and weight 

initial sample to the mass of the initial samples in grams (g). 

2.2.2.1. Extraction of lignin derivatives from black liquors 

The black liquors previously obtained were subject to the concentration of the soluble lignin 

using two methods. The first method tested was freeze drying the liquor (Zhang et al., 2016), 

while the second method was a controlled precipitation of the lignin compounds of the liquor 

by acidification with sulfuric acid (95%) until pH 2. After lowering the pH, solutions were 

kept for 24 h to allow the sedimentation of the precipitated lignin. The next steps were to 

centrifuge the samples at 8000 rpm for 20 min and wash them with distilled water twice to 

discard possible impurities such as sugars or inorganic particles. Finally, the samples were 

dried at 60 °C in an oven for 48 h (Domínguez-Robles et al., 2017). The yields and purity of 

the rich lignin fractions were calculated according to equation 3 and 4: 

 

 𝐿𝑖𝑔𝑛𝑖𝑛 𝑦𝑖𝑒𝑙𝑑 % = 𝑊𝑒𝑖𝑔ℎ𝑡𝑙𝑖𝑔𝑛𝑖𝑛 𝑎𝑓𝑡𝑒𝑟 𝑑𝑟𝑦𝑊𝑒𝑖𝑔ℎ𝑡𝑙𝑖𝑔𝑛𝑖𝑛 𝑜𝑛 𝑏𝑙𝑎𝑐𝑘 𝑙𝑖𝑞𝑢𝑜𝑟 𝑥100            (3) 
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Where, the weight lignin after dry means mass of dry lignin after treatment (g) and the weight lignin 

on black liquor is the mass of lignin on black liquor (g).  𝑃𝑢𝑟𝑖𝑡𝑦 𝑜𝑓 𝑙𝑖𝑔𝑛𝑖𝑛 % = 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑢𝑟𝑒 𝑙𝑖𝑔𝑛𝑖𝑛𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑙𝑖𝑔𝑛𝑖𝑛 𝑥100               (4) 

Where, mass of the pure lignin are the grams of total pure lignin obtained after treatment and 

mass of total lignin are the grams of total lignin in sample. 

 

2.2.3. Biosugars production from the delignified materials 

2.2.3.1. Dilute acid hydrolysis  

The effect of the type of acid, concentration and reaction times was tested in the saccharification 

process. Red delignified grape stalks (DGS) were subject to weak hydrolysis using H2SO4 

(Honeywell, Seelze, Germany) and acetic acid (Sigma, Steinhelm, Germany) at low 

concentrations (0.5 %, 2 %, 3.5 % w/w based on the dry matter), in a ratio solid to liquid of 

1:10 and processed at 121◦C for two periods of time (15 min and 60 min) in an autoclave. At 

the end of the treatment, the samples were centrifuged at 5000 rpm during 10 min. The 

supernatant which has the higher yield of sugars was used for fermentation and the pellet was 

dried and stored for further use for production of nanocellulose which was called HGS. 

 

2.2.3.2. Enzymatic hydrolysis  

Enzymatic hydrolysis was performed using the enzymatic celluclast mixture preparation 

(Novozymes,Bagsvaerd, Denmark) and β-glucosidase (Sigma, Saint Louis, USA). The quantity 

of enzymatic activity units used were estimated considering that red DGS had 43.79 % of 

cellulose. Samples were suspended in citrate buffer (pH 5.0, 0.05 M) (Gama et al., 2015) with 

20 FPU (filter paper units) of celluclast and 40 IU (international unit) of beta-glucosidase per 

gram cellulose (Ping et al., 2011). The hydrolysis was carried out at 50 ºC for 24 h and at the 

end solutions were centrifuged at 5000 rpm for 10 min (Verardi et al., 2012). After analytical 

procedures to estimate the sugars released a second hydrolysis was carried for 48 h to obtain a 

higher yield of sugars. Sugar rich supernatants were used for fermentation procedures described 

below, while the pellet was used for production of nanocellulose and was called HGS.  

For both hydrolysis processes (acid and enzymatic) the saccharification % of sugars were 

calculated according to equation 5:  𝑆𝑎𝑐𝑐ℎ𝑎𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 % = 𝑅𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑠𝑢𝑔𝑎𝑟×0.9𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑢𝑏𝑠𝑟𝑎𝑡𝑒 𝑥100                (5) 
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Where, reducing sugars is the concentration of reducing sugars after saccharification in mg/ml 

and the cellulose content in pretreated substrate is concentration of sugar content before 

saccharification in mg/ml.  

Taking into the account the production of fermentation inhibitors compounds such as acetic 

acid, furfural and 5-hydroxymethylfurfural (HMF) (Lu et al., 2009; Klinke et al., 2004) during 

these processes. Standard curves were performed for all inhibitors (0.3125-5 g/L) to quantity 

them by HPLC. 

 

2.3. Nanocellulose extraction 

2.3.1. Extraction of nanocellulose 

HGS-red fractions were subject to two processes. One was subjecting them to strong acid 

hydrolysis. The hydrolysis was performed at 50 °C, for 30 min, under vigorous and constant 

stirring (Madureira et al., 2018). For each gram of HGS, 20 mL of a solution of H2SO4 64 % 

(w/w) was used. Immediately following the hydrolysis, the suspension was diluted 10-fold with 

cold water to stop the hydrolysis reaction and centrifuged twice for 10 min at 7000 rpm to 

remove the excess acid.  

Since after this process the resulting fraction rich in nanocellulose still presented color and 

components that could affect the purity of nanocellulose, a second process was applied 

bleaching the enzyme HGS-red. The first solution was an acetate buffer with 27 g NaOH + 75 

ml of glacial acetic acid in 1 L of water and second solution was a solution of 1.7 % (m/v) 

sodium chlorite; sample was covered with equal volumes of both solutions, at 80 ºC (Madureira 

et al., 2018) and applying again the same process of hydrolysis as explained before.  

In both cases, the precipitates obtained were dialyzed with deionized water to remove non-

reactive sulphate groups, salts and soluble sugars, until a neutral pH value was achieved (5-7 

days). Subsequently, the resulting suspension of the dialysis process was sonicated for 5 min at 

70 % intensity in a VCX 130 ultrasonicator (Sonics & Materials, Newtown, USA), with sample 

tubes immersed in an ice bath to prevent heating. The colloidal suspensions were stored in a 

refrigerator at 4 °C, with the addition of some drops of chloroform to avoid any bacterial growth 

until the freeze-drying process. The freeze-drying process was performed using a Vacuum 

Freeze Drier (Model FT33, Armfield, UK), under a vacuum pressure of 100 millitorr; the 

temperature in the freezing chamber was -46 °C, and the temperature in the sample chamber 

was 15 °C. The nanocellulose was labelled as CNC acid or CNC enzymatic. The CNC % was 

calculated according to equation 6: 
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𝐶𝑁𝐶  % = 𝑊𝑒𝑖𝑔ℎ𝑡𝑓𝑙𝑎𝑠𝑘 𝑝𝑙𝑢𝑠 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒−𝑊𝑒𝑖𝑔ℎ𝑡𝑓𝑙𝑎𝑠𝑘𝑊𝑒𝑖𝑔ℎ𝑡𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 × 100          (6) 

Where, the weight flask plus treated sample corresponds to the mass of the sample after freeze-drying 

process in grams (g), the weight flask to the mass of the empty flask in grams (g) and weight initial 

sample to the mass of the initial samples in grams (g). 

Table 2. 1. Resume of the fractions obtained along the process and designations attributed.  

Initial sample  Process stage Final sample  Designation  

Red grape stalks (GS) Extractives separation Stalks without 

extractives 

Red GSWE/GSWEE  

White grape stalks (GS) White GSWE/GSWEE 

Red and white GSWE Delignification process 

(NaOH) 

Solid residue without 

lignin 

Red DGS 

White DGS 

Liquid residue from 

delignification 

Freeze-drying 

Precipitation 

Technical lignin 

 

Red DGS 

Acid hydrolysis 

Enzymatic hydrolysis 

Supernatants  Acid Biosugars media 

Enzymatic Biosugars media 

Solid residues HGS 

HGS Extraction  İnorganic fraction Acid CNC/ Enzymatic CNC 

2.4. Analytical methods 

2.4.1.  Sugars and lignin quantification    

Monosaccharides (glucose, xylose, arabinose) that can be used to estimate cellulose (glucose) 

and hemicelluloses (xylose, arabinose) were quantified in the GS, GSWE, GSWEE and DGS 

fractions, following the protocols described in NREL (2012). Briefly, samples were hydrolyzed 

using 3 ml of 72 % H2SO4 (Honeywell, Seelze, Germany) per 300 mg in a water bath set at 

30°C for 1 h, added with 28 ml of deionized water and autoclaved for 1 h 121°C. After this 

time, the samples were vacuum filtered through a crucible and washed with boiling purified 

water. Klason lignin was determined by the mass residue after drying at 100 °C. Also, soluble 

lignin was determined on the combined filtrates by measuring the absorbance at 206 nm (Pujol 

et al., 2013) using a UV-vis spectrophotometer (Shimadzu-UV mini 1240). The values of 

Klason and soluble lignin were summed to obtain the total lignin content. Glucose, xylose and 

arabinose were measured by an HPLC system that consisted of a Beckman Coulter (CA, 

EUA) unit equipped with Karat32 software coupled to detectors: Beckman Diode Array 

(Wavelenght 220 nm) and a refractive index detector (RI Detector K-2301, Knauer, 

Germany). Ion exchange Aminex HPX-87H Column (300 × 7.8 mm) (Bio-Rad) was 

maintained at 55 ºC (CH-150 Column Oven; Eldex, US) to analyze sugars and organic acids. 
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The mobile phase used was 13 mM sulphuric acid at a flow rate of 0.5 mL/min. Running time 

was 30 min, and the injection volume was 50 μL. Each sample was injected in duplicate. 

A standard curve was done with different concentrations for all sugars (0.05- 2 mg/ml) and 

inhibitors (0.3125- 5 g/L). Sugars and lignin concentrations were calculated according to 

equation 7,8,9 provided by the method (NREL, 2012) and inhibitors were calculated according 

to equation 10:  𝑆𝑢𝑔𝑎𝑟 𝑒𝑥𝑡 𝑓𝑟𝑒𝑒 % =  𝐶×𝑉× 1𝑔1000𝑚𝑔𝑊𝑒𝑖𝑔ℎ𝑡𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒  × 100                               (7) 

Where, C is the concentration in mg/ml of sugars as determined by HPLC, V is the volume of 

filtrate 86.73 ml, weight initial sample is the mass of the initial samples (mg). 

*calculate the percentage of each sugar on an extractive’s free basis. 

 𝐼𝑛𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑙𝑖𝑔𝑛𝑖𝑛 % = 𝑊𝑒𝑖𝑔ℎ𝑡𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 𝑝𝑙𝑢𝑠 𝑖𝑛𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑙𝑖𝑔𝑛𝑖𝑛−𝑊𝑒𝑖𝑔ℎ𝑡𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒𝑊𝑒𝑖𝑔ℎ𝑡𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 × 100         (8) 

Where, weight crucible plus insoluble lignin is the insoluble residue of lignin (g), weight crucible is the 

weight of empty crucible (g), weight initial sample is the mass of the initial samples in grams (g). 

 𝐴𝑐𝑖𝑑 𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑙𝑖𝑔𝑛𝑖𝑛 % = 𝑈𝑉𝑎𝑏𝑠∗𝑉𝑜𝑙𝑢𝑚𝑒𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒∗𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛Ɛ∗𝑊𝑒𝑖𝑔ℎ𝑡𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒∗𝑃𝑎𝑡ℎ𝑙𝑒𝑛𝑔𝑡ℎ × 100                 (9) 

Where, UV abs is the average UV-Vis absorbance for sample at appropriate wavelength, volume 

filtrate is the volume of filtrate (86.73 ml), dilution is the dilution factor (if it is performed), Ɛ is 

the absorptivity of biomass at specific wavelength, weight initial sample is the mass of the initial 

samples in milligram, pathlength is the pathlength of UV-Vis cell in cm. 𝑦 = 𝑚𝑥 + 𝑐               (10) 

Where, y is the peak area, m is the slope of regression line, c is the intercept of the regression 

line with the y-axis. Dilution factors (D) and multipliers (M) may be used to calculate the final 

analyte concentration, if required. 
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2.4.2. Ash content determination 

Ash content was determined according to NREL (2008). Porcelain markers were placed in the 

muffle furnace at 575 ± 25 °C for a minimum of four hours. Crucibles were removed from the 

furnace directly into a desiccator to cool down. The crucibles were weighed to the nearest 0.1 

mg and weight was recorded. Weighed 2.0 g, to the nearest 0.1 mg of a test specimen into the 

tared crucible and placed in the muffle furnace at 575 ± 25 °C for 24 ± 6 h. Samples weight 

were recorded when they cool. Dry samples are used, and each sample were analyzed in 

duplicate. Ash was calculated according to following equation 11: 

  𝐴𝑠ℎ % = 𝑊𝑒𝑖𝑔ℎ𝑡𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 𝑝𝑙𝑢𝑠 𝑎𝑠ℎ−𝑊𝑒𝑖𝑔ℎ𝑡𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒𝑊𝑒𝑖𝑔ℎ𝑡𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 × 100                (11) 

 

Where, weight crucible plus ash is the sample and crucible weight after treatment(g), weight 

crucible is the weight of empty crucible(g), weight initial sample is the mass of the initial samples 

in grams (g). 

 

2.4.3. Fourier transform infrared ray (FTIR) analysis 

FTIR analysis was used to identify the functional groups of GS, GSWE and GSWEE samples. 

Spectra were obtained using KBr pellets and were recorded on an IRPrestige-21 infrared 

spectrophotometer (Shimadzu, Japan). Samples were grinded and mixed with KBr (sample/KBr 

ratio = 1/100) to prepare discs. The experiments were carried out using the wavenumber range 

of 500-4000 cm−1, with a resolution of 4 cm−1 and a total of 32 scans for each sample. 

2.5. Proof of concept: fermentation procedures using the bio-sugars for production of 

bio-ethanol  

2.5.1 Microorganisms  

Saccharomyces cerevisiae DSMZ 70449 and Pichia stipitis DSMZ 3651 yeast strains were 

used. Yeasts were obtained as a freeze-dried powder and the activation was done accordingly 

the indications of the supplier DSMZ in Potato Dextrose Broth (PDB) (Conda, Madrid, Spain) 

during three days at 25 °C then passed to slants. Stock cultures of these strains were prepared 

in 30 % glycerol water and stored at -80 °C for further use.  
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2.5.2. Fermentation procedures using the biosugars obtained from the two hydrolysis processes 

2.5.2.1. Preparation of the fermentation media 

The supernatants obtained from both hydrolysis processes were tested as liquid media for 

fermentation processes using the two-yeast species described previously. These were 

supplemented with nutrients such as 3 g/l (NH4)2SO4 (Sigma, St. Louis, USA), 3 g/l 

K2HPO4(Sigma, Steinheim, Germany), 1 g/l MgSO4, 5g/l yeast extract, 3.5 g/l peptone. To 

obtain sterile media for fermentations they were first autoclaved at 121°C for 15 min in 

Erlenmeyers flasks sealed with cotton caps covered with aluminum paper. Control media was 

prepared with 10 g/l glucose, 10 g/l xylose, 3 g/l (NH4)2SO4 (Sigma, St. Louis, USA), 3 g/l 

K2HPO4(Sigma, Steinheim, Germany), 1 g/l MgSO4, 5g/l yeast extract, 3.5 g/l peptone. 

 

2.5.2.2. Preparation of the yeast inoculums, fermentation process and sampling along 

incubation time 

Overnight yeast cultures were grown in PDB at 25-30 ºC. These were inoculated in the 

previously prepared fermentation media order to standardize an initial cell concentration of 

1x105 CFU/ml. The inoculated Erlenmeyer’s were incubated at 25-30ºC for 7 days. 3 ml of 

samples were taken at times 0, 1, 3 and 7 days, 1 ml for evaluation of the yeast growth and 2 

ml for pH analyses and glucose, xylose and ethanol quantification by HPLC according the 

methods described previously in section 2.4.1. The yeast growth was evaluated by performing 

decimal dilution in peptone water 0.1 % (w/v) and plating in potato dextrose agar by spread 

pour plating technique. Plates were incubated during 24 h at 25-30 ºC and the log CFU/ml were 

estimated. Ethanol yield, fermentation efficiency and ethanol productivity were calculated 

according to following equations. 

                   𝐸𝑡ℎ𝑎𝑛𝑜𝑙 𝑦𝑖𝑒𝑙𝑑 = − △𝑃△𝑆                        (12) 

 

Where, △P/△S stands for product (g/L of ethanol) produced per amount of substrate (g/L of 

glucose) consumed. 

           Fermentation efficiency % = 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑢𝑔𝑎𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑×0.511 × 100                  (13) 

 

Where, amount of ethanol produced is the amount of product (g/L of ethanol) produced, amount 

of sugar consumed is the amount of substrate (g/L of sugars) consumed and 0.511 is the 

conversion factor of glucose or xylose to ethanol. 
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2.6. Statistics 

Each trial was carried out in three replicates and the values reported as means ± SD. IBM SPSS® 

19.0 (SPSS, Chicago, IL, USA) software for Windows was used to perform statistical analysis 

of variance (ANOVA) followed by Tukey’s post hoc test (for means discrimination) to assess 

the significance of dilute acid hydrolysis and T-test was used to perform statistical analysis to 

assess the significance of ex-red and ex-white. Variance homogeneity was confirmed according 

to Levene’s test. All significance tests were conducted at p≤0.05. 
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3. Result and Discussion 

3.1. Compositional analyses of the red and white grape stalks 

For lignocellulosic compositional analysis, is very important to remove the extractives, since 

they can cross-react with the acid and condense to acid insoluble components that will be 

associated-with and classified as Klason lignin (KL). The NREL method to take the extractives 

advises to use water and then water plus ethanol in a double Soxhlet extraction procedure. To 

decrease the processing times and the to avoid using ethanol, the fractioning of extractives was 

tested with water and 6 h of process (GSWE) and then with water and ethanol and 16 h of total 

time (GSWEE). Table 3.1 presents the compositional analyses performed in red and white grape 

stalks subject to these two processes.  

Table 3. 1. Compositional analyses of the GS extractives content (ODW, mean ± SD) in samples 
subject to the two types of extractives processes tested, using water (GSWE) or using the advised 

method by the standard protocol water followed by ethanol (GSWEE). 

 Red grape stalk White grape stalk 

Compounds  GSWE GSWEE GSWE GSWEE 

Extractives (%, w/w) 56.29 ±3.46 58.86±4.43 75.08 ±2.11 76.28±3.89 

Cellulose (glucose) 19.43±0.32 10.50±0.63 5.19±0.51 8.55±0.20 

Hemicellulose 8.36±0.73 8.01±0.68 7.76±0.57 8.22±0.34 

Xylose 7.55±0.52 7.20±0.55 7.41±0.52 7.54±0.26 

Arabinose 0.81±0.21 0.81±0.13 0.65±0.05 0.68±0.08 

Total lignin 39.16±2.95 48.47±1.88 54.62±5.35 60.22±0.98 

Klason lignin 37.81±2.91 45.39±1.81 53.70±5.23 56.12±0.98 

Soluble lignin 1.35±0.04 3.08±0.07 0.92±0.12 4.10±0.005 

Ash (%, w/w) 4.90±0.03 2.27±0.09 3.12±0.08 1.54±0.28 

* All data are yields of components (g) per 100g of oven-dried grape stalk, GSWE: Grape stalk water extracted, 

GSWEE: Grape stalk water and ethanol extracted. 

 

Statistical analysis has been performed and there were no significant differences between both 

extractive’s methods (p>0.05). These two methods were able to extract similar quantities of 

extractives and the higher quantities were obtained in the white variety GS (Figure 3.1 and 3.2). 

Extractives are water-soluble material, such as non-structural sugar, terpenes, etc. and ethanol 

soluble material including chlorophyll, waxes, etc. These values are not in agreement with Pujol 

et al. (2013), which obtained ca. 21 % for red grape stalk water extractives and ca. 28 % of 

ethanol extractives. Also, for the water extractives of red grape stalk is ca. 36.5 % (Spigno et 

al., 2013). Hence, in order to take advantage of this, we considered the valorization of the 

extractive fraction for the development of an antioxidant extract. 

The information available for the composition of grape stalks is scarce. The different methods 

generate different values of the polysaccharides and lignin in some cases. According to 
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statistical analysis, there is significant different between cellulose quantities of GS-red and 

white (p<0.05). Cellulose quantities are higher in red than white variety, which is accordingly 

to the found in literature (Spigno et al., 2013, 2014). In addition, the extractives are higher in 

GS-white, which indicates that some cellulose maybe is lost during the process with water and 

ethanol. For hemicellulose and arabinose quantities, there are no differences between both 

varieties and extractives separation methods.  

Total lignin (Klason or insoluble lignin and soluble lignin) content is lower in red GS than in 

white GS.  These values are according to the ones found by other authors such as Spigno et al. 

(2008) and Ping et al. (2011) which found in grape stalks, lignin contents between 40 and 

47.3%. Nevertheless, low values around 17% can be also found in literature (Prozil et al., 2012). 

All these differences can be attributed first to the protocols used to quantify, to the interpretation 

of what is soluble or Klason lignin and finally to variations in the source variety and type of 

grape stalk.  

The ash content values of grape stalks agree with the reported for grape stalks by Ping et al. 

(2011) ca. 3.9 %. As can be seen, there is a decrease on ashes content along the processing and 

red stalks present the higher content. This can be due to the significant amounts of potassium 

and other inorganic elements that are as well present (Pujol et al, 2013). Grape stalk has very 

low ash content which is potential benefit for the process of enzymatic hydrolysis as it is able 

to increase the efficiency of the hydrolysis (Bin et al., 2010).  

The carbohydrate composition shows that glucose is the most abundant neutral monosaccharide 

and xylose is the second most abundant monomer followed by arabinose. Red GS has more 

sugar available than white GS (p<0.05).  

Concerning the method used to separate the extractives, the water extraction during 6 h showed 

to be an alternative method to the advised by the standard (NREL, 2012), since it does not 

influence the content on cellulose and hemicellulose which will be the source of sugars for 

fermentation. The ethanol used in the advised method certainly extracts more dyes, waxes but 

in this specific case does not bring any extra function than using only water.  
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3.1.1. Phenolic compounds 

The fact that the white stalks present more extractives is attributed to the presence of phenolic 

compounds which was showed in Table 3.2. The performance of the successive extractions 

with water and ethanol only increases ca. 1 % of the extractive’s removal. These extractives are 

rich in phenolic compounds as other compounds with bioactive properties, so this fraction can 

be tested for other properties, in the future, as an ingredient for food or cosmetic applications. 

 

Table 3. 2. Crude extraction yield of phenolic compounds (mean ± SD). 

 % yield (%/d.w. stalks) 

GSWEE-red 13.77±0.42 

GSWEE-white 16.21±0.68 

d.w: dry weight, GSWE: Grape stalk water extracted, GSWEE: Grape stalk water and ethanol extracted. 

 

The results are not in agreement with reported for grape stalk by Spigno et al., (2007) (% yield 

0.1-0.3). Because, generally the found methods are comparable for the used ratio raw 

material/solvent, but not for the other parameters time and temperature, solvent (which 

sometimes are even not specified) and analysis and expression of results.  

 

 Figure 3. 1. Water extractives of white and 

red grape stalks, respectively. 

 Figure 3. 2. Water and ethanol extractives of 

white and red grape stalks, respectively. 
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3.2. Alkaline Pretreatment of Grape stalk 

This step is to remove lignin from the material. This step 

will facilitate the access to the polysaccharides to 

produce biosugars and will permit to obtain a fraction 

rich in lignin that can have value. The addition of NaOH 

to lignocellulosic biomass causes swelling of particles 

which increase enzymes and acid penetration into the 

cell-wall fine structure. Interaction of alkali and 

lignocellulosic biomass causes saponification of 

intermolecular ester bonds linkages within the biomass 

(Sun and Cheng, 2002; Feist et al., 1970). The removal 

of such linkages increases the porosity of lignocellulosic 

biomass and helps to separate the structural linkages 

between lignin and the complex carbohydrates and 

disrupts lignin structure (Fan et al., 1987). As it was 

mentioned, water extracted samples had more sugar than water and ethanol extracted samples, 

especially the red variety (Table 3.1).  For this reason, water extracted GS materials were used 

to proceed for alkaline pretreatment. Table 3.3 shows the red and white GSWE that were 

pretreated with 1 % w/v NaOH solution at the ratio of 1: 10 (solid: liquid) for 15 and 60 min in 

autoclave. The delignification % (or % of solubility) of GSWE red and white samples were 

respectively 47.81 %, 42.04 %, when using 15 min and 50.61 % and 45.58 %, when using 60 

min of processing time. These values are similar to the obtained by Pujol et al. (2013), (between 

34.82%-49.19%). No significant differences were obtained between processing times and grape 

types (p>0.05), but we can say that the major proportion was obtained in GSWE red with 60 

min. The samples with higher % of delignification were subject to sugars analyses to observe 

what remained after delignification. The higher quantity of sugars was detected in delignified 

samples from red variety.  For this reason, red-DGS was chosen for the enzymatic and dilute 

acid hydrolysis process.  

 

 
 

 

 

 

Figure 3. 3. Black liquor after alkaline 

pretreatment 
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Table 3. 3.  Delignification % of the GSWE-red and GSWE-white samples (ODW, mean ± SD).and 

sugar analysis of GSWE treated with NaOH 1 % (w/v) using during the two testing times of reaction. 

 Delignification %  

Time of process GSWE-red GSWE-white 

15 min 47.81±2.61 42.04±2.02 

60 min 50.61±1.62 45.58±0.86 

 Sugars % in DGS samples 

with 60 minutes 

 

Compounds (sugars)   

Cellulose 

Hemicellulose 

43.79±5.92 

16.76±2.57 

26.33±6.58 

9.54±1.42 

            Xylose 16.38±2.5 9.54±1.42 

       Arabinose 

Total sugars 

0.38±0.07 

60.55±8.49 

N.D. 

35.87±8 

N.D.: Not detected; *Sugars data are yields of components (g) per 100g of oven-dried grape stalk. GSWE: Grape 

stalk water extracted, GSWEE: Grape stalk water and ethanol extracted. 

 

3.3. Lignin recovery 

3.3.1. Extraction of lignin derivatives from black liquors 

Grape stalk the black liquors from delignification were also processed to extract lignin. The 

delignification was previously performed under an eco-friendly and cost-effective NaOH 

process, ether bonds break due to the function of NaOH and then lignin degrade gradually in 

the form of alkali lignin (Fan et al., 1987; Soccol et al., 2011). Black color comes from lignin 

compounds colored by alkali and dissolved to liquor. Afterwards, the lignin is precipitated or 

freeze dried from the black liquor to compare the different extraction conditions. Results are 

showed in Table 3.4, and it is possible to see that freeze-dried extracts from white GS generated 

higher lignin yields (9.47 %) comparing with precipitation process that had (1.98 %). Also, 

using the method of precipitation, the same type originated higher yield of lignin. Based on our 

investigation we can conclude that to have pure lignin precipitation process is the best recovery 

method of lignin. Nevertheless, higher yield and purity of lignin was obtained from water 

extracted materials which indicates that some lignin maybe is lost during the process with water 

and ethanol. 
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Table 3. 4. Yield (%) and purity of lignin obtained from grape stalks without extractives using water 

or water plus ethanol procedures (mean ± SD). 

 Yield % Purity % 

 Freeze dry Precipitation Freeze dry Precipitation 

GSWE-red 9.23±0.12 1.4±0.03 40.84±0.13 70.57±0.2 

GSWEE-red 1.48±0.03 1.15±0.05 30.08±0.01 67.91±0.05 

GSWE-white 9.47±0.08 1.98±0.01 56.02±0.06 73.73±0.04 

GSWEE-white 1.42±0.15 4.27±0.04 39.50±0.09 67.01±0.01 

GSWE: Grape stalk water extracted, GSWEE: Grape stalk water and ethanol extracted. 

 

 

Figure 3. 4. (A) Precipitated lignin from grape stalk; (B) freeze dried lignin from grape stalk. 

B A 
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3.3.2. Lignin characterization by FTIR 

 

Figure 3. 5. FTIR analysis of initial red grape stalk and extracted lignin of red grape stalk by 

precipitation. 

Figure 3. 6. FTIR analysis of initial red grape stalk and extracted lignin of red grape stalk by freeze 

dry. 
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Figure 3. 7. FTIR analysis of initial white grape stalk and extracted lignin of white grape stalk by 

precipitation.  

 

Figure 3. 8. FTIR analysis of initial white grape stalk and extracted lignin of white grape stalk by 

freeze dry.  
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The isolated lignin was characterized with FTIR spectroscopic analysis. FTIR spectroscopy is 

a versatile, rapid, and reliable technique for lignin characterization. Using this technique, the 

phydroxyphenyl, guaiacyl, and syringyl units, methoxyl groups, carbonyl groups, and the ratio 

of phenolic hydroxyl to aliphatic hydroxyl groups can be determined. 

The FTIR spectra of GS, GSWE, GSWEE (red and white) samples are presented in Figure 3.5, 

3.6, 3.7 and 3.8. Spectra display a number of adsorption peaks indicating the complex nature of 

this material. The broad peak at around 3400 cm−1 is indicative of OH vibration modes. The 

two sharp peaks at 2931 cm−1and 2870 cm−1correspond to the asymmetric and symmetric 

vibration, respectively, of C-H in the olephinic chains, and the peak at 1743 cm−1is attributed 

to the carbonyl C=O in ester groups. The presence of lignin is confirmed by the typical lignin 

bands at 1323 cm−1, 1273 cm−1and 1525 cm−1, being the first two bands attributed to skeletal 

vibrations of syringil and guayacil aromatic rings with CO stretching, respectively, and the last 

one to aromatic skeletal vibrations (Hergert, 1971). The band at 1450 cm−1 associated to 

deformation vibration of C-H in aromatic ring of lignin moieties is less intense. The presence 

of polyphenols is confirmed by the characteristic band at 2931 cm−1and the typical peaks of 

polysaccharides appear at 1075, 1118 and 996 cm−1(Kacuráková et al., 2000). Comparison 

among the different FTIR spectrum of GS, GSWE and GSWEE samples show that the above-

mentioned identified peaks are present in all fractions. Slight differences in the band’s intensity 

can be observed in the white grape stalk compared to the red grape stalk. For the initial grape 

stalk, the most relevant differences are observed in the bands attributed to polysaccharides 

(1075, 1118 and 996 cm−1) with higher peak intensities and to lignin (1525 and 1450 cm−1) 

lower peak intensities compared to the extracted lignin of grape stalks.  
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3.4. Biosugars production from the delignified materials 

3.4.1. Dilute acid hydrolysis 

Acid hydrolysis is a common process to obtain sugar monomers that can be used e.g. in 

fermentation. Here, acid hydrolysis will involve breaking down the polysaccharide structure. 

In this study, sulphuric and acetic acids were chosen as suitable for weak/dilute acid hydrolysis. 

The use of these acids is related with the fact that sulphuric acid is the most commonly used 

catalysts for hydrolysis of lignocellulosic biomass (Lenihan et al., 2010) and acetic acid is 

already present in lignocellulosic biomass in the form of acetyl groups on the hemicellulose. 

Moreover, acetic acid can work as a co-solvent (Huber et al., 2006; Sun et al., 2009). On the 

other hand, cost of high concentrated acid treatment on biomass and need for recovery limit the 

process of released sugars through concentrated acid hydrolysis. Another drawback is effect of 

high acid concentration and time of processing that may lead to hydroxymethyl furfural (HMF) 

and furfural formation due to degradation of complex polysaccharides (Taherzadeh et al., 

2000). Hence, the search for the content of sugars that released from red DGS samples using 

these two types of acid at different conditions and processing times was done and the results 

are exposed in Figure 3.9.  
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Figure 3. 9. Monosaccharides composition and concentrations (means ± SD) in red DGS samples after 
dilute acid hydrolysis using two times of processing and 0.5 % (a and b), 2 % (c and d) and 3.5 % (e 

and f) of sulphuric acid and acetic acid, respectively.  
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Table 3. 5. Saccharification rates % of cellulose and hemicellulose in glucose, xylose and arabinose 

after acid hydrolysis procedures (means ± SD). 

 
 Sulphuric acid Acetic acid 

Saccharification 

rate (%) 

Concentration  

(%) 

15 min 60 min 15 min 60 min 

 

Glucose 

0.5 1.6±0.03 2.4±0.04 0.1±0.01 0.12±0.08 

2 4.79±0.01 5.43±0.02 0.1±0.05 0.12±0.05 

3.5 6.14±0.03 6.62±0.09 0.08±0.03 0.1±0.09 

Xylose 0.5 22.08±0.6 21.04±0.06 0.22±0.01 0.05±0.01 

2 31.15±0.02 34.73±0.03 0.05±0.07 0.11±0.05 

3.5 38.02±0.09 40.05±0.01 0.71±0.03 0.16±0.07 

Arabinose 0.5 12.51±0.05 32.17±0.04 4.47±0.01 5.36±0.03 

2 26.81±0.01 52.73±0.07 8.04±0.04 14.29±0.05 

3.5 27.70±0.06 81.33±0.01 8.04±0.03 11.61±0.08 

 

It is possible to observe that there are differences in the sugar concentrations obtained for the 

two types of acids (p<0.05), but no differences between the used concentrations (p>0.05) 

(Figure 3.9). Maximum glucose, xylose and arabinose concentrations were obtained in 

hydrolysis using sulphuric acid at the higher concentration of 3.5 % and is according with the 

saccharification rates as observed in Table 3.5. Since cellulose is the major contributor of 

glucose and is present in higher concentrations, the % of saccharification is always lower than 

the others, which are present in lower quantities such as xylose and arabinose which are almost 

all released. With these concentrations it was possible to obtain ca. 7 g/L of xylose and ca. 3 

g/L of glucose. The time of hydrolysis was also important, and it was possible to observe that 

with 60 min, the higher content of sugars was obtained with values of xylose with 7.29 g/L, 

glucose with 3.22 g/L of and arabinose with 0.91 g/L. The results were compared with some 

literature works reporting sugars concentrations of grape stalk obtained for sulphuric acid. The 

results are not in agreement with reported by Egüés et al. (2013) (glucose and xylose ca. 12-9 

g/L respectively.). These differences can be due to the hydrolysis time in autoclave which in 

the case of Egüés et al. (2013) was 90 min. The increase in time of processing showed that 

promotes the saccharification in all cases as observed in Figure 3.9 and Table 3.5.   

Moreover, inhibitor compounds started to be formed by hydrolysis of hemicellulose into xylose 

and further dehydration into acetic acid, furfural and 5-hydroxymethylfurfural (HMF) (Lu et 

al., 2009; Klinke et al., 2004). The concentrations of inhibitors produced are presented in Table 

3.6. Furfural was not detected and as it was expected, the inhibitors increased with increasing 
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sulphuric and acetic acid concentration (Spronsen et al., 2011). According to this, the results 

showed that the inhibitors (acetic acid and 5-HMF) concentrations were not significantly 

different (p >0.05) when using 15 and 60 min as processing times (Table 3.6). The 

concentration of acetic acid and HMF was increased with the 60 min of reaction time and 3.5% 

acid concentration. Acetic acid, HMF and furfural inhibit the growth of yeast cells and 

subsequent fermentation in a dose-dependent manner which is 4 g/L, 2 g/L, 1.86 g/L, 

respectively (Fosso-Kankeu et al., 2014; Delgenes et al.,1996; Favaro et al., 2013). And the 

values obtained are at lower concentrations than these ones, so the media can be used as 

fermentation media. 

Concluding the use of 3.5 % of sulfuric acid and 60 min of hydrolysis time were the best 

conditions to obtain a high saccharification and low concentration of fermentation inhibitors 

production, and so these conditions were chosen to produce the media broths for fermentation 

used in the next section.    

 

Table 3. 6. Inhibitors concentration (means ± SD) present in solution after dilute acid hydrolysis.  

 Sulphuric acid Acetic acid 

Compounds 

(g/L) 

Concentration  

(%) 

15 min 60 min 15 min 60 min 

 

HMF 

0.5 0.083±0.97 0.077±1.46 0.086±1.23 0.088±0.29 

2 0.084±0.11 0.078±1.94 0.087±0.17 0.090±0.55 

3.5 0.087±1.77 0.097±1.95 0.089±0.56 0.094±0.75 

Acetic acid 0.5 1.1±97.75 1.2±138.50 0.3±193.08 0.4±177.69 

2 1.3±43.76 1.6±4.61 1.5±216.08 1.8±176.04 

3.5 1.5±7.46 2.5±196.45 2.7±166.78 2.9±153.96 

HMF: 5-hydroxymethylfurfural. 

 

3.4.2. Enzymatic Hydrolysis  

In this experiment, polysaccharides of DGS were hydrolyzed to monosaccharides with 

commercial enzymes i.e. celluclast and β-glucosidase. Celluclast and β-glucosidase were 

chosen because to obtain high cellulose conversion and prevent cellobiose accumulation.  

Cellulase breaks the branched cellulose chains while the cellobiose formed is broken down with 

the action of ß-glucosidases producing glucose. The combined action of both enzymes 

considerably reduces the time required for hydrolysis (Garcia-Cubero et al., 2010). The main 

carbohydrates after enzymatic hydrolysis were glucose and xylose. Higher concentrations of 

sugars were obtained by enzymatic hydrolysis than by dilute acid hydrolysis, with values of 
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glucose with 6.06 g/L and xylose with 8.08 g/L (Table 3.7). Also, saccharification % was 

calculated and the higher values were obtained for xylose than glucose, 82.73 % and 25.97 %, 

respectively. The results show that xylose conversion was higher than glucose conversion in 

the DGS-red. Xylose recovery with these enzymes has not been mentioned before for grape 

stalk. Nevertheless, cellulose-to-glucose conversion agrees with the reported for grape stalk by 

Ping et al. (2011) which was ca. 25 %. Hemicellulose conversion to five basic monosaccharides 

(xylose, mannose, glucose, arabinose and galactose) is much higher than cellulose conversion, 

this can be because of the chain length in hemicellulose is much shorter (Andersen, 2007; Horn 

et al., 2012). According to literature, increasing of reaction time can be recover more glucose 

(Li et al., 2012; Han et al., 2012). Considering this, a second enzymatic hydrolysis process was 

carried out with more time. Anyway, the amount of sugars seems at the moment to be too low 

to make stalks economically exploitable for industrial fermentation, albeit this deserves further 

investigations and a certain amount of sugars can be also recovered. 

Table 3. 7. Results obtained for enzymatic hydrolysis (means ± SD). Concentration of glucose and xylose 

in samples after hydrolysis processes and saccharification rate % of glucose and xylose. Inhibitors 

concentration present in solution after enzyme hydrolysis. 

 Concentration of Glucose (g/L) Concentration of Xylose (g/L) 

DGS-red/ First saccharification 6.06±0.06  8.08±0.06  
DGS-red/Second saccharification 2.15±0.39  0.004±0.15  
  Glucose Xylose  

First saccharification rate % 25.97 82.73 

Second saccharification rate % 12.9 3.27 

Total (some of two processes) 38.87 86.00 

                                                            Inhibitors concentration after enzyme hydrolysis (g/L) 

 

HMF                      0.018±0.4 

Acetic acid                          0.2±0.1 

Furfural                      0.008±0.05 

HMF: 5-hydroxymethylfurfural. 

The concentration of inhibitors was lower than as mentioned before. According to this, the 

result revealed that the inhibitors do not effect of inhibitory on biomass production, substrate 

utilization and ethanol production during fermentation, so the media can be used as 

fermentation media.  
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3.5. Fermentation procedures using the bio-sugars obtained from the two hydrolysis 

processes 

3.5.1. Fermentation 

Separate hydrolysis and fermentation were carried out, so the hydrolysis by acid and enzymes 

were initially performed using the optimized conditions in the previous sections. The 

performance of saccharification and fermentation was done in separate because there is the 

intention of study the fermentative performance of two different yeast strains using the different 

media obtained. These microorganisms have their optimum conditions growth at 25-30 ºC and 

not 50 ºC, as celluclast enzymes need to have their optimum activity. Hence, the best conditions 

for each stage and the best yeast strain to perform fermentation in the two types of media were 

obtained. And so, fermentations were performed at lab scale in batch for 7 days with S. 

cerevisiae and P. stipitis as the fermentative microorganisms. S. cerevisiae species use glucose 

as the carbon source for ethanol production, while P. stipitis can consume both hexoses and 

pentoses (Cortez et al., 2010; Olofsson et al., 2008).  

 

Figure 3. 10. Flasks with resulting hydrolyzed sugars solutions used for fermentation purposes as well 

solutions produced as controls. Both were added with nutrients at the same concentrations. Sugars 

from dilute acid hydrolysis and enzyme hydrolysis were tested.  

 

These fermentations were done with the goal of production of ethanol using grape stalks sugars 

as carbon sources by the yeasts S. cerevisiae and P. stipitis. Growth curves of P. stipitis and S. 

cerevisiae have been obtained for the different media. For both media, lower Log CFU/mL 
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were obtained for S. cerevisiae (log 7.43 CFU/ml, log 7.65 CFU/ml) than P. stipitis (log 8.80 

CFU/ml, log 8.83 CFU/ml). In addition to that, the optimal pH range for S. cerevisiae and P. 

stipitis growth can vary from pH 4-6 and pH 4-5.5, respectively (Narendranath et al., 2005; Van 

Zyl et al., 1988). In the present study, the pH was accordingly the optimum (Table 3.8) with an 

expected decrease along fermentation time, and S. cerevisiae showed to be in general a more 

acidifying strain than P. stipitis.  

In Figure 3.11 are showed the growth curves and sugar consumption of the strains tested in a 

control, acid dilute and enzymatic sugars media. Through all series of fermentations, P. stipitis 

and S. cerevisiae were also evaluated on their ability to produce ethanol and consequent 

consumption of sugars. In control media, both yeasts behave differently, especially in what 

concerns the consumption of xylose, which was higher for P. stipitis (Figure 3.11a). Also, this 

strain produced slightly more ethanol than S. cerevisiae (Figure 3.11b) with profiles of 

consumption of glucose like P. stipitis. In the enzymatic hydrolysis media, the fermentations 

were similar to the observed in control media, in what concerns glucose consumption and 

production of ethanol for both species of strains (Figure 3.11 c and d) but in acid hydrolysis 

media, strains showed to have a slower metabolic activity, maybe because of the presence of 

lower quantities of sugars, with low ethanol quantities production (Figure 3.11 d and e).  

The same happened, with P. stipitis which showed to be successfully adapted to enzyme media 

than dilute acid hydrolysis media and agrees with the reported elsewhere (Groves, 2009; 

Gonçalves et al., 2016). To produce ethanol, the fermentation efficiency was 42.41% of P. 

stipitis compared to the S. cerevisiae 26.71% in the enzymatic hydrolysis media. The ethanol 

productivity and yields in the enzymatic media was doubled, when compared to acid hydrolysis 

media. The results show that fermentations of grape stalk can be optimized based on the 

enzymatic media with P. stipitis to have good ethanol yields, since this strain is able of using 

xylose and glucose at the same time for production of ethanol.  

In addition to that, the optimal pH range for S. cerevisiae and P. stipitis growth can vary from 

pH 4 to 6 and pH 4-5.5, respectively (Narendranath et al., 2005; Van Zyl et al., 1988). In our 

experiment, pH range was ca. 5-4 for both yeasts. However, pH was decreased during the 

fermentation. This can be depending on acetic acid concentration, temperature, the presence of 

oxygen and the strain of yeast in fermentation (Narendranath et al., 2005; Casey et al., 2010; 

Codato et al., 2018). 

                                                          

https://www.ncbi.nlm.nih.gov/pubmed/?term=Narendranath%20NV%5BAuthor%5D&cauthor=true&cauthor_uid=15870306
https://www.ncbi.nlm.nih.gov/pubmed/?term=Narendranath%20NV%5BAuthor%5D&cauthor=true&cauthor_uid=15870306
https://www.ncbi.nlm.nih.gov/pubmed/?term=Narendranath%20NV%5BAuthor%5D&cauthor=true&cauthor_uid=15870306
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Figure 3. 11.  Evolution of the consumption of sugars along fermentation time and production of 

ethanol by P. stipitis and S. cerevisiae in control fermentation media (a and b), in rich-sugar media 

produced from enzymatic hydrolysis (c and d) and in rich-sugar media produced from dilute acid 

hydrolysis (e and f), respectively.   

 

Table 3. 8. pH values during fermentation process of both species tested in the two different growth 

media produced with sugars from the dilute acid and enzymatic hydrolysis. 

 
pH of Enzymatic media pH of Acid hydrolysis media pH of Control media 

 P. stipitis S. cerevisiae P. stipitis S. cerevisiae P. stipitis S. cerevisiae 

T0 5.10±0.2 5.08±0.7 5.55±0.4 5.52±0.8 4.79±0.5 4.74±0.2 

T1 5.02±0.6 5.05±0.3 5.46±0.6 5.16±0.3 4.16±0.1 3.67±0.8 

T3 4.85±0.1 4.82±0.8 5.15±0.3 4.82±0.9 4.03±0.4 3.60±0.3 

T7 4.14±0.3 4.40±0.2 4.69±0.6 4.70±0.4 3.92±0.9 3.50±0.5 

 

The initial sugar concentration, final ethanol concentration and yield values are given in Table 

3. 9. The total sugars concentration was determined as the sum of monosaccharide (glucose and 

xylose) found in the dilute acid and enzymatic hydrolysis media. A maximum total sugars 

concentration ca.14 g/L was achieved with enzymatic medias. This followed with ca. 9 g/L with 
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dilute acid medias. The ethanol yields of both media were lower than the corresponding 

theoretical yields for glucose fermentations (0.51 g/g), nevertheless the enzymatic media results 

were always higher than in acid media. This can be the effect of having low sugar concentration 

or fermentation time (Agbogbo et al., 2007; Groves 2009). However, considering the different 

media and fermentation results, the P. stipitis enzyme media was determined to be the best 

media as substrate (14.42 g/L) owing to the results on the ethanol fermentation yield (0.22 g/L).  

 
Table 3. 9. Ethanol yields obtained by P. stipitis and S. cerevisiae using as culture media added with 

sugars obtained from dilute acid and enzymatic hydrolysis as fermentation media.  

Species and 

type of media 

Initial total 

concentration 

of sugars (g/L)* 

Final total 

concentration 

of sugars (g/L) 

Ethanol yield 

(g/L) 

Fermentation 

efficiency (%) 

Ethanol 

productivity 

(g/L/h) 

P. stipitis 

control 

20.17 0.81 0.24 46.08 0.65 

P. stipitis 

enzyme media 

14.42 3.15 0.22 42.41 0.39 

P. stipitis dilute 

acid media 

9.10 1.63 0.13 26.20 0.14 

S. cerevisiae 

control 

20.22 6.74 0.21 40.94 0.40 

S. cerevisiae 

enzyme media 

14.26 3.71 0.14 26.71 0.21 

S. cerevisiae 

dilute acid 

media 

9.65 1.38 0.005 8.99 0.05 

*All sugars included (glucose, xylose and arabinose) 

3.6. Nanocellulose 

The grape stalks were used to extract the nanocellulose. HGS was processed without bleach 

process to produce CNC. The yields of CNC obtained were 5.79 % and 1.20 % from enzymatic 

process derived CNC and acid, respectively. At the end of second enzyme hydrolysis, samples 

were bleached to remove color because samples were not able to be analyzed by DLS. After 

the bleaching process, samples were without color, but they lost their whiteness using of 64 % 

sulfuric acid. After dialysis of samples, ultrasonication is a process for the defibrillation of 

cellulose fiber with the hydrodynamic forces of the ultrasound. Samples were freeze dried and 

powder was obtained as shown in Figure 3.12.   
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Figure 3. 12. (A) HGS without bleach process; (B) HGS with bleach process; (C) HGS with bleaching 

process after dialysis. 

 

Table 3. 10. CNC % (w/w) (means ± SD) of the products obtained during samples processing. 

 

 

 

Acid hydrolysis  

(without bleach) 

enzyme hydrolysis 

(without bleach) 

second enzyme 

hydrolysis (with bleach) 

CNC % (w/w) 1.20±0.25% 5.79±0.63% 0.56±0.48% 

 

 

Table 3. 11. Chemical characterization in % (w/w) (means ± SD) of the products obtained during 

samples processing. 

 Particle size (nm) Polydispersity index Zeta potential (mv) 

Bleached grape stalk-red 294.6±19.01 0.321±0.080 -36.7±0.751 

 

Samples were analyzed by DLS to determine the CNC particle size in suspension and charge 

(Table 3.11). The sizes obtained were high since crystals length is also measured using a DLS 

scatter that is dynamic, and agglomeration may occur in solution. Nevertheless, smaller CNCs 

were obtained. The polydispersity index (PI) indicates the variation in the distribution of the 

particle size. A high polydispersity shows the existence of particle families with different sizes, 

which may mean the occurrence of aggregation (Hanaor et al, 2012). In general, all samples 

showed PI values much higher than 0.3, which indicates a polydisperse distribution of CNCs. 

On the other hand, zeta potential (ZP) can give us an indication of whether repulsion between 

adjacent, similarly charged particles in dispersion will occur or not. When ZP is high (whether 

they are positive or negative values) means stability between the particles, whereas when the 

potential is low, particles tend to coagulate/flocculate as attraction exceeds repulsion in the 

dispersion. The ZP values where ca. 30 mV in the CNCs extracted from grape stalk, which 

A B C 
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means a moderate stability. The values are negative, which is a result of the acid hydrolysis, in 

which sulphuric acid removed the amorphous regions in the cellulose fibres, leaving only the 

highly ordered crystalline regions intact, resulting in negatively charged, sulphonated 

nanoparticles. 

Several researchers investigated shapes and size distributions of nanocellulose obtained in 

hydrolysis of different type of fiber using acid or enzymes (Tsukamoto et al., 2013; Mandal et 

al., 2011; Oksman et al., 2011; Abraham et al., 2011; Filson et al., 2009). However, this study 

is reporting the first time that biomass from grape stalk is a source of nanocellulose, potentially 

adding value to grape stalk. Therefore, grape stalks should be explored further as raw material 

for producing nanocellulose. 
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4. Conclusions 

A complete chemical characterization of different variation of grape stalks was performed after 

milling of the biomaterial. Results confirm that two methods were able to extract similar 

quantities of extractives and the higher quantities were obtained in white variety GS. 

Nevertheless, the samples subject to water extraction have higher content on sugars. The 

alkaline pretreatment of grape stalks performed for 60 min showed to be the best method for 

delignification. After delignification Red GS was selected for progressive stages, because of 

the higher sugar quantities present the composition.   

The process was followed by a dilute acid or enzyme hydrolysis for the recovery of structural 

reducing sugars from red GS. The best condition with acid in terms of yield of sugars and 

production of inhibitors could be obtained using 3.5 % sulphuric acid for 60 min. Nevertheless, 

the best process was hydrolysis with enzyme seemed to be a good way to recover 

monosaccharides from grape stalks.  

Ethanol was successfully produced using via S. cerevisiae and P. stipitis fermentation. It is very 

important to find and present new raw materials for the use of renewable energy producing 

sectors, to guarantee a sustainable future. The work performed showed the potential use of GS 

for ethanol production via S. cerevisiae and P. stipitis fermentation using biosugars in the 

growth medium. Two media were tested to determine the optimum for ethanol production by 

P. stipitis and S. cerevisiae.  Nevertheless, P. stipitis produced higher ethanol yields than the S. 

cerevisiae in enzymatic media. The grape stalks also were used to extract the nanocellulose. 

Grape stalks should be explored further as raw material for producing nanocellulose. The results 

show that grape stalks can be a promising source of natural valuable products. 
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5. Future Work 

The present work studied the valorization of grape stalks for production of value-added 

compounds and the production of sugars for second generation ethanol. To increase profitability 

of grape stalk biomass biofuel production, it becomes increasing important to characterize and 

utilize the by product. Considering of extractives, the concentration of phenolic compounds 

should be obtained, and the phenolic compounds profile should be described by analytical 

methods. Also, the antioxidant and antimicrobial activities should be determined to evaluate 

the potential application of these extracts e.g. as preservatives for food products. Lignin 

obtained as a by-product from the black liquor, it would be also interesting to tested for 

antioxidant and antimicrobial properties. 

Grape stalk biomass possesses high potential as a renewable substance for producing important 

nanobiomaterials such as nanocellulose. Another interesting approach would be to find possible 

applications for nanocellulose utilization of renewable grape stalk biomass for the preparation 

of nanomaterials which could be useful in diverse applications. 
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