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Summary 

Lignocellulosic materials (LMs) are the most abundant residues on the planet and have a great 

potential for methane production. Nevertheless, the energy potential of LMs for biofuel 

production is limited by their complex structure. LMs are composed of cellulose, hemicellulose, 

lignin and non-bound matter, which include free sugars, polyphenols, protein and lipids. This 

PhD thesis investigated the impact of organosolv, N-methylmorpholine N-oxide (NMMO)-

driven, and ultrasounds pretreatment on the methane production potential of hazelnut skin (HS), 

almond shell (AS), and spent coffee grounds (SCG). 

The first experimental phase (Chapter 3) investigated a methanol-organosolv pretreatment 

performed at 130, 160, and 200 °C with and without catalyst addition. The biochemical methane 

potential (BMP) of HS increased up to 18-folds, and the catalyst addition allowed lowering of 

the pretreatment temperature. On the contrary, all pretreatment conditions failed to enhance the 

BMP of SCG and AS. In Chapter 4, a swelling mode NMMO pretreatment was performed for 

1, 3, and 5 h. The NMMO pretreatment enhanced the BMP of AS up to 58%. The pretreated 

SCG showed increased porosity (up to 63%) and a higher sugar percentage (up to 27%) despite 

failing to increase the methane production. All pretreatment conditions were effective on HS, 

achieving the highest methane production of 400.4 mL CH4/g VS after increasing the sugar (up 

to 112%) and reducing the lignin (up to 29%) content. Chapter 5 focused on ultrasound 

pretreatment. The liquid fraction of ultrasound pretreated HS was particularly rich in 

polyphenols (up to 11.5 g/L) and sugars (up to 13.2 g/L), showing great potential for 

biomolecules recovery. The liquid fraction from ultrasound pretreated AS and SCG are suitable 

for valorisation through anaerobic digestion (AD). The solid residues recovered after 

ultrasounds were used for methane production and a similar BMP compared to the raw LMs 

was obtained.  

Chapter 6 investigated the fed-batch AD of raw, macerated, and methanol-organosolv 

pretreated HS, focusing on the factors impacting the process in the long term. An efficient 

reactor configuration was proposed to increase the substrate load while reducing the solid 

retention time during the fed-batch AD of HS. Maceration and methanol-organosolv 

pretreatment were used to remove polyphenols from HS (i.e. 82 and 97% removal, respectively) 

and improve HS biodegradation. Additionally, organosolv pretreatment removed 9% of the 

lignin. The organosolv-pretreated HS showed an increment in methane production potential of 

21%, while macerated HS produced less methane than the raw substrate, probably due to the 

loss of non-structural sugars during maceration.    
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Chapter 1  

General introduction  
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1.1 Background and problem statement 

1.1.1 Renewable energy 

The interest in renewable energy started in the 1970s when the world experienced an energy 

crisis, and fossil fuels seemed to be depleting. Nowadays, the interest in renewable energy is 

more focused on global environmental quality protection and sustainability. The main concern 

is global warming caused by the increase of carbon dioxide emissions and other atmospheric 

pollutants resulting from anthropogenic activities. The Intergovernmental Panel on Climate 

Change (IPCC) stated that the human impact on global warming is worse than expected. In 

2017, the warming caused by anthropogenic activities reached 1 °C compared to the 

temperature of the pre-industrial levels. The Paris Agreement in 2015 aims to limit global 

warming below 1.5 °C than pre-industrial levels (Hansen et al., 2019). 

Several strategies have been developed to replace fossil fuels. Among the others, the use of 

biomass for energy production emerged as a viable alternative due to the abundance and 

renewability of these materials. In the first place, biomass has been used for heat generation via 

burning. The most employed technology is cogeneration, which allows reusing the lost heat to 

generate electricity. Biomass is considered a carbon-neutral energy source since they absorb 

carbon dioxide during their growth that is then released back to the atmosphere during 

combustion (Perea-Moreno et al., 2019). Nevertheless, the gaseous biomass industry showed a 

more effective path for biomass utilisation, which allows producing energy with limited and 

controlled emissions in the atmosphere. In this perspective, anaerobic digestion (AD) is the 

most employed process to produce gaseous sources for energy generation from biomass 

feedstocks. The biogas produced is a mixture of methane (CH4), carbon dioxide (CO2) and other 

gases that can be employed in many applications at various degrees of purity. Biogas can be 

used either directly for heating and power generation, or methane can be separated and used to 

replace fossil fuels in gas pipeline distribution or for transport purposes (Chynoweth et al., 

2001).  

Despite the great potential and wide range of possible substrates for AD, the Renewables 2021 

Global Status Report (REN21) stated that biomethane production covered only 1% of the global 

fossil gas demand in 2018. Advantageously, the number of biogas and biomethane plants is 

rapidly growing in Europe, reaching 18855 biogas and 726 biomethane plants with a total 

capacity of 64 PJ in 2020 (Renewables 2021 Global Status Report, 2021).  
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1.1.2 Anaerobic digestion process 

Environmental protection and the need to find renewable energy sources to replace fossil fuels 

have prompted the AD technology from an initial concept of only extensive organic matter 

stabilisation to an industrial process focused on maximising biogas production (Mao et al., 

2015; Zamri et al., 2021). AD is an attractive waste treatment management practice, as it can 

mitigate pollution while producing renewable energy in the form of methane and other valuable 

products (Satchwell et al., 2018). The AD process involves complex metabolic reactions carried 

out by several microbial groups. Therefore, understanding the metabolic pathways of AD is the 

key to optimising the process (Meegoda et al., 2018).  

AD consists of four stages: hydrolysis, acidogenesis, acetogenesis and methanogenesis. In the 

first stage, hydrolytic bacteria secrete enzymes capable of decomposing complex organic 

polymers, i.e. carbohydrates, proteins and lipids, into soluble monomers, i.e. sugars, amino 

acids, and long-chain fatty acids. Acidogenesis is the second stage, during which the soluble 

monomers are fermented to volatile fatty acids (VFAs), i.e. formic, acetic, propionic, butyric, 

isovaleric, valeric, isocaproic, and caproic acid, as well as hydrogen and alcohols, i.e. mainly 

ethanol. During the subsequent acetogenesis stage, those compounds are furtherly converted 

into acetate, carbon dioxide, and hydrogen by acetogenic bacteria. In the final phase, archaea 

convert acetic acid and hydrogen into methane via, respectively, acetotrophic and 

hydrogenotrophic methanogenic pathways (Bianco et al., 2021; Luo et al., 2019). 

The microorganisms responsible for acids and methane production require different operating 

conditions to achieve their maximum potential. These conditions, e.g. pH, temperature, 

alkalinity, and solid content, differ depending on the microorganism’s physiology, nutritional 

needs, growth kinetics, and sensitivity to environmental conditions. The balance failure 

between the multiple groups of microorganisms involved in the AD process is the primary cause 

of reactor instability (Chen et al., 2008). Depending on the substrate fed into the anaerobic 

digester, the limiting group of microorganisms differ (Kainthola et al., 2019). The AD of sugars-

rich substrates, e.g. food and vegetables, is generally limited by the methanogenesis step 

(Srisowmeya et al., 2020). For those substrates, the first three phases of the AD process are 

usually faster than methanogenesis, leading to acid compounds accumulation, pH decrease, and, 

ultimately, failure of the entire AD process (Bajpai, 2017). Acidogenic and acetogenic bacteria 

work within a pH range of 4.0 - 8.0, while a limiting range of 6.5 - 7.2 is suitable for the growth 

of methanogenic archaea (Chen et al., 2008). On the other hand, hydrolysis is the limiting stage 
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for more recalcitrant substrates, such as lignocellulosic materials (LMs) (Schroyen et al., 2018). 

The recalcitrance of LMs prevails on the effectiveness of hydrolytic bacteria to reduce the 

substrate hydrolysis rate, which often results in low methane production rates, prolonged AD 

time and incomplete biodegradation of the substrate (Li et al., 2019; Xu et al., 2019).  

1.1.3 Lignocellulosic biomass and biogas 

LMs management and valorisation has become a hot topic in the last years, lignocelluloses 

being the most abundant renewable biomasses on earth (Cai et al., 2017). LMs have been 

discharged for decades before realising that they are a valuable source for renewable energy 

production (Tarasov et al., 2017). LMs derive from urban, industrial and agricultural activities 

and can be divided into six categories, i.e. agricultural residues, forest residues, animal wastes, 

waste from processing industries, biomasses from energy crops, and the organic fraction of 

municipal solid waste (Mancini et al., 2016; Xu et al., 2019). 

The abundance and low cost of LMs inspired different strategies for their valorisation. The most 

employed methods for LMs valorisation involve thermochemical, biological and 

physicochemical processes. The thermochemical processes, e.g. pyrolysis, convert the LMs into 

fuels or directly into thermal energy. On the other hand, biological processes, e.g. AD, use 

different microorganisms to produce biofuels from LMs under particular conditions. Finally, 

physicochemical processes use the LMs to produce fuels through chemical reactions after 

preliminary physical treatments, e.g. microwave processing (Yu et al., 2021). 

The biological stabilisation of organic wastes reduces greenhouse gas emissions, which are 

otherwise largely produced in combustion processes or biomass decomposition in landfills or 

other open environment strategies (Kristanto and Koven, 2019; Uddin et al., 2021). LMs can 

be converted into several biofuels, such as hydrogen, ethanol, and methane. The path depends 

on multiple factors, such as conversion efficiency, energy transport, the need for direct heat or 

steam, and environmental impact (Haldar and Purkait, 2020; Vu et al., 2020). In many aspects, 

methane seems to be an ideal fuel since its utilisation produces few atmospheric pollutants and 

generates less carbon dioxide per unit of energy compared to other fossil fuels (Chynoweth et 

al., 2001). Therefore, its use for vehicles fuel, industrial applications, and power generation is 

increasing. Methane can be used at different stages of purity, and its efficiencies of transport 

and energy conversion can be compared to electricity. In addition, an extensive pipeline 

distribution system is already in place worldwide for methane use (Chynoweth et al., 2001). 
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Despite the large LM potential for AD, the use of LMs is still limited by the complex and 

resistant structure, consisting of three main polymers, i.e. cellulose, hemicellulose, and lignin. 

The complex structure of LMs results in their resistance to biological degradation (Xu et al., 

2019). Several studies have been conducted to overcome the recalcitrance of the most common 

LMs and enhance their methane production potential. Nevertheless, the wide variety of LMs, 

with different chemical composition and physical characteristics, continue attracting the interest 

of research activities.  

The interest in LMs valorisation initially focused on straws and forest residues (Ferreira et al., 

2013; Kabir et al., 2015), but several researchers are now investigating selected substrates, such 

as nut residues, wastes from the confectionary industry, coffee residues, and grass and flower 

wastes (Agarwal et al., 2021; Antonopoulou et al., 2020; Mancini et al., 2018; Zhang et al., 

2021). However, traditional AD is usually not effective on LMs and pretreatments are required 

to increase the efficiency of lignocellulose hydrolysis. Pretreatment techniques are commonly 

classified into physical, chemical, physico-chemical and biological ones (Xu et al., 2019).  

Pretreatments generally aim to separate the most recalcitrant component, i.e. lignin, from the 

cellulose and hemicellulose structural sugars (Mancini et al., 2016). In this perspective, 

pretreatments can either aim to keep the fermentable sugars into the solid matrix by dissolving 

the lignin or, on the other hand, allow sugar hydrolysis, keeping the lignin in the solid fraction 

(Figure 1.1). In addition, some pretreatments focus on improving the physical characteristics of 

the substrate (Figure 1.1), e.g. porosity, facilitating the subsequent AD process (Mancini et al., 

2016). In any case, the sugars-rich and the easy-biodegradable matrix is selected for AD, while 

the extracted lignin can be used for several applications, such as combustion, source of aromatic 

compounds, ink additive, or component for resins and foam (Jędrzejczak et al., 2021; Matsakas 

et al., 2019). 
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Figure 1.1 – Process flow diagram of the possible paths to enhance the conversion of lignocellulosic materials 

into methane by performing pretreatments before anaerobic digestion. 

1.2 Research objectives 

The overall objective of this PhD thesis is to reveal the potential of recalcitrant waste materials 

for energetic valorisation through AD. Three LMs, i.e. hazelnut skin (HS), spent coffee grounds 

(SCG), and almond shell (AS), were selected for the present study. The three LMs were 

pretreated using different techniques to increase their methane production potential. The 

following main aspects were investigated: 

i) The effects of chemical, i.e. methanol-organosolv and N-Methylmorpholine N-oxide 

(NMMO), and physical, i.e. ultrasounds, pretreatments on the AD of HS, SCG, and AS. In 

particular, this research discussed the effect of each pretreatment on methane production, 

AD kinetics, and VFAs evolution along with the AD process. Particular attention was given 

to the differences in chemical composition, i.e. cellulose, hemicellulose, and lignin content, 

and physical characteristics, i.e. porosity, crystallinity, and external surface, prior to and 

after pretreatment. 

ii) The performance in terms of methane production of one of the three LMs, i.e. HS, under 

fed-batch AD operation conditions. HS load, HS retention time, and pH control, among 

other parameters, were monitored and optimised. In addition, the impact of digesting raw, 

macerated, and organosolv pretreated HS on the bioreactor performance was investigated.  
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1.3 Thesis outline 

This PhD thesis is divided into seven chapters, including an introduction, literature review, four 

research chapters, and a general discussion and perspective for LMs.  

Chapter 1 gives an overview of the thesis, focusing on the background and problem statement 

of renewable energy and, in particular, methane as a biofuel. This chapter states the main goals 

of the research project and outlines the structure of the PhD thesis (Figure 1.2). 

Chapter 2 overviewed the characteristics and potential of LMs for AD, with a specific focus on 

three emerging pretreatment methods used to enhance the conversion of LMs into methane, i.e. 

organosolv, NMMO, and ultrasound pretreatment. 

Chapter 3 discussed on the experimental results obtained by pretreating HS, SCG, and AS with 

an organic solvent before undergoing AD. In particular, the use of methanol as a solvent was 

investigated at different pretreatment temperatures, i.e. 130, 160, and 200 °C, with and without 

catalyst addition, i.e. 0.1% (w/v) sulfuric acid. This chapter discussed the improvement in 

methane production, with particular attention to the changes in the chemical composition and 

physical characteristics of the three LMs.  

Chapter 4 investigated the use of NMMO pretreatment to valorise HS, SCG, and AS via AD. 

NMMO effectiveness was studied varying the pretreatment time, i.e. 1, 3, and 5 h. The 

discussion focused on the changes in cellulose, hemicellulose, lignin, and extractives content, 

as well as porosity and other physical characteristics of the substrates used, and on how this 

reflected on the methane production potential of the LMs. 

Chapter 5 debated the changes in the chemical composition of HS, SCG, and AS after 

undergoing ultrasound pretreatment. The effectiveness of ultrasonic waves at different 

temperatures, i.e. ambient and 80 °C, and through different media, i.e. distilled water and 50% 

(v/v) water-methanol solution, was studied. The methane production potential of the solid 

residues and liquor phase was investigated, paying particular attention to potential valuable 

molecules extracted in the liquid phase. 

Chapter 6 focused on the optimisation of the AD process for HS. The process was optimised in 

HS load, HS retention time, and pH control. The impact of different strategies to adjust the pH 

was monitored, focusing on the interaction between the chemical employed and polyphenolic 

compounds. Raw, macerated, and organosolv pretreated HS was fed during the experimental 

period to investigate and discuss their impact on the AD process. 
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Chapter 7 highlighted the main findings of the research project and discussed their relevance 

and perspective for the valorisation of LMs. Recommendations for future work are given in this 

chapter to conclude this PhD dissertation. 

 

Figure 1.2 – Outline of this PhD thesis on anaerobic digestion of lignocellulosic materials. 
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Abstract  

Lignocellulosic materials (LMs) are the most abundant residues on the planet and have a huge 

potential for methane production. Several strategies have been tested to enhance the methane 

production potential of LMs, with a particular emphasis on environmentally friendly and 

economically convenient pretreatments. This chapter revisits the potential of two chemical, i.e. 

organosolv and N-methylmorpholine N-oxide (NMMO)-driven, and one physical, i.e. 

ultrasounds, pretreatment. Organosolv pretreatment enables to obtain a pure lignin fraction 

from LMs, leaving most of the fermentable sugars in the solid matrix. The result is a lignin-

poor material with an increased porosity and a higher bioavailability of the sugar fraction. 

Another advantage is the cost-effectiveness and the easy recovery of the chemicals involved. 

NMMO pretreatment focuses on the cellulosic component of the biomass, aiming to reduce its 

crystallinity and to increase the porosity of the substrate. The main advantage of NMMO lies 

in its high recovery percentage, which reaches up to 99%. Ultrasound pretreatment involves 

ultrasonic waves that allow fractionating LMs, breaking the linkages between lignin, cellulose 

and hemicellulose, generally leaving cellulose and most of the hemicellulose in the solid 

fraction and dissolving the lignin in the liquor. Ultrasound pretreatment does not require 

chemicals and can be easily combined with other pretreatments to enhance its effectiveness. 
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2.1 Introduction 

Lignocellulosic materials (LMs) are generated from industrial, agricultural and municipal 

activities. Disposal of these wastes is often difficult due to the enormous volumes produced, 

especially during the harvesting season (Barbu et al., 2020; Oh et al., 2018). Anaerobic 

digestion (AD) is a viable and green alternative to landfill disposal or combustion for these LMs 

(Alonso-Fariñas et al., 2020). The use of LMs for AD is, however, still limited by their 

resistance to biological and chemical degradation. The main issue of AD of LMs is the complex 

and resistant structure, mainly consisting of cellulose, hemicellulose, and lignin (Bhatia et al., 

2020). Various strategies have been explored to increase the biodegradability of LMs (Bianco 

et al., 2021b; Kohli et al., 2020; Mancini et al., 2018c; Papirio, 2020; Yao et al., 2018). 

Pretreatments of LMs aim to increase the efficacy of lignocellulose hydrolysis by improving 

the accessibility of microorganisms to the sugar fraction (cellulose and hemicellulose) of LMs. 

This can be achieved by removing lignin and/or hemicellulose or by decreasing the degree of 

polymerisation and crystallinity of the cellulosic component of the biomass (Kumar and 

Sharma, 2017).  

This chapter aims to overview the characteristics and potential of LMs for AD, with a specific 

focus on three emerging pretreatment technologies to enhance the conversion of LMs into 

methane, i.e. organosolv, N-methylmorpholine N-oxide (NMMO), and ultrasound 

pretreatment. The principles of each pretreatment will be thoroughly discussed, pointing out 

advantages and drawbacks. Particular attention will be given to the effect of the three 

pretreatments on the physical characteristics and chemical composition of LMs, focusing on 

the subsequent valorisation of the pretreated solid residues through the AD process. 

2.2 Lignocellulosic materials: structure and potential 

Biomass is one of the most abundant resources on the planet, with a global production of 2×1011 

tons per year (Reddy and Yang, 2005). Biomass can be converted into fuels and provide 

renewable materials at the same time, offering a viable alternative to fossil fuels. Biomass is 

produced via photosynthesis, by fixing atmospheric carbon dioxide and converting solar energy 

to chemical energy to build up the carbon backbone of plant cells (Zhang, 2008). LMs represent 

more than 60% of the global biomass and serve as a cheap and abundant feedstock (Bilal et al., 

2017). Agricultural, municipal, and industrial activities generate LMs as waste, generally at low 

cost (Table 2.1). Also, the use of LMs for biofuel production does not create conflicts between 

land use for food and energy production (Kucharska et al., 2018). Depending on the origin, 
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LMs are classified as forest residues, municipal solid waste, waste paper, or crop residue 

resources (Balat, 2011). 

Table 2.1 – Chemical composition (in terms of cellulose, hemicellulose, and lignin content) of the most employed 

lignocellulosic materials for methane production. 

Biomass 

origin 
Substrate 

Cellulosea  

(%) 

Hemicelluloseb 

(%) 

Ligninc  

(%) 
Reference 

Agricultural 

residues 

Maize straw 38.3 29.8 3.8 Khatri et al. (2015) 

Wheat straw 31.0 18.4 18.3 Mancini et al. (2018a) 

Rice straw 28.6 19.5 17.3 Mancini et al. (2018b) 

Barley straw 39.1 25.7 15.2 Duque et al. (2013) 

Sweet sorghum straw 37.7 28.1 21.5 Dong et al. (2019) 

Oat straw 35.0 28.2 4.1 Gomez-Tovar et al. (2012) 

Rye straw 42.1 23.8 19.5 Ingram et al. (2011) 

Triticale straw 33.0 23.0 29.0 Teghammar et al. (2012) 

Sugarcane bagasse 47.6 22.6 27.6 Hashemi et al. (2019) 

Sunflower stalks 34.1 26.2 26.8 Hesami et al. (2015) 

Nuts 

residues 

Peanut shell 23.6 12.2 40.0 Shen et al. (2018) 

Almond shell 23.4 21.9 30.6 Oliva et al. (2021) 

Walnut shell 25.6 23.0 46.7 Şenol (2021) 

Pistachio shell 20.1 23.2 24.3 Shen et al. (2018) 

Chestnut shell 26.8 24.5 36.8 Bianco et al. (2021b) 

Hazelnut shell 18.0 17.2 39.1 Shen et al. (2018) 

Hazelnut skin 10.2 3.6 39.7 Oliva et al. (2021) 

Industrial 

wastes 

Spent coffee grounds 8.8 33.6 20.3 Oliva et al. (2021) 

Brewery spent grain 19.2 26.9 30.5 Ravindran et al. (2018) 

Cocoa bean shell 13.5 7.0 29.9 Mancini et al. (2018b) 

Rubber wood waste 43.6 8.3 31.0 Tongbuekeaw et al. (2020) 

Oil palm empty fruit 

bunch 

36.1 22.4 26.4 Tang et al. (2018) 

Olive pomace 12.3 8.9 34.0 Elalami et al. (2020) 

Grape pomace 15.8 8.6 35.4 Bordiga et al. (2019) 

Forest 

residues 

Switch grass 42.0 19.0 24.0 Larnaudie et al. (2019) 

Spruce wood 42.0 20.0 27.0 Teghammar et al. (2012) 

Poplar wood 49.0 23.0 27.0 Rego et al. (2019) 

Birch wood 40.1 26.8 24.5 Goshadrou et al. (2013) 

Pine wood 44.5 28.0 26.8 Mirmohamadsadeghi et al. 

(2014) 

Elm wood 46.4 26.3 26.2 Mirmohamadsadeghi et al. 

(2014) 

a Cellulose content (g/100 g dry matter) was considered equal to the glucan content (Mussatto et al., 2011).  
b Hemicellulose content (g/100 g dry matter) is reported as the sum of xylan, mannan, galactan, arabinan, galactan, 

and rhamnan (Mussatto et al., 2011). 
c Lignin content (g/100 g dry matter) is reported as the sum of acid soluble and acid-insoluble lignin (Sluiter et al., 

2008). 
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The structural and chemical composition of LMs is extremely variable (Table 2.1) due to 

various genetic and environmental factors. The chemical composition of LMs includes mainly 

cellulose, hemicellulose, and lignin, arranged in a three-dimensional and complex structure 

(Figure 2.1) (Zhang et al., 2019). Depending on the specific substrate, a significant part of LMs 

may consist of non-structural compounds. The most common extractives present in LMs are 

free sugars (sucrose, glucose, and fructose), phenolic compounds, proteins, lipids, waxes, 

chlorophyll, essential oils, starches, and fatty acids (Tajmirriahi et al., 2021a, 2021b).  

The complex structure of lignocelluloses results in its resistance to biological and chemical 

degradation, with hydrolysis being the limiting step (Kainthola et al., 2019a). Hydrolysis of 

lignocellulose requires several enzymes to work together, including cellulases, hemicellulases, 

and lignin-degrading enzymes (Xu et al., 2019). The main reason for biomass recalcitrance is 

the low accessibility of crystalline cellulose fibers, which prevents cellulases from working 

efficiently. Equally, the presence of lignin and hemicellulose prevents cellulase from accessing 

the substrate efficiently (Mancini et al., 2016a; Xu et al., 2019; Zoghlami and Paës, 2019).  

 

Figure 2.1 – Schematic representation of the structure of lignocellulosic materials containing cellulose, 

hemicellulose, and lignin. 

2.2.1 Cellulose 

Cellulose is a linear polysaccharide consisting of a repeated unit called cellobiose consisting of 

D-glucose subunits linked to one another by β-(1,4)-glycosidic bonds (Su et al., 2018). The 

cellobiose units are composed of long-chain cellulose polymers, linked together by van der 

Waals and hydrogen bonds. Cellulose is packed into microfibrils, which reduce the access of 



17 

 

the enzymes and complicate cellulose degradation (Kumar et al., 2009; Zhang et al., 2019). 

Cellulose alternates crystalline and amorphous regions, with the latter being the weakness for 

chemical and biological attack. Cellulose degradation aims to decompose the polysaccharide 

into free sugar molecules. The resulting product is glucose, a six-carbon sugar (Singhvi and 

Gokhale, 2019).  

Cellulose crystallinity presents several structures (i.e. Iα, Iβ, II, III, and IV), depending on the 

crystallites disposition (Blanco et al., 2018). Native cellulose has a parallel chain disposition 

and exists in nature as cellulose Iα and Iβ. Cellulose Iα shows one-chain triclinic cells and 

abounds in bacterial cellulose and algae (Nishiyama, 2009). Cellulose Iβ is present in cotton and 

wood materials and reveals two-chain monoclinic cells (Blanco et al., 2018). Cellulose Iα 

conversion to cellulose Iβ is a non-reversible process requiring high temperatures (260 - 280 

°C) (Matthews et al., 2012). Cellulose II is obtained by maceration or dissolution and 

subsequent regeneration of cellulose I using solvent-based processes (Corrêa et al., 2010). 

Cellulose II presents an antiparallel chain disposition, making it more appreciated for textile 

applications and easily accessible for enzymes and microorganisms (Wikandari et al., 2016). 

Only very low or high pH allows cellulose solubilisation in water, whereas solvents like 

NMMO or ionic liquids dissolve cellulose at neutral pH (Baruah et al., 2018). Cellulose III is 

obtained by treating cellulose I and II with an ammonia solution, whereas cellulose IV derives 

from cellulose III treatment in glycerol over 260 °C (Corrêa et al., 2010). The transformation 

to cellulose III and IV can be reverted using thermal or chemical processes (Isogai et al., 1989; 

Wada et al., 2006). In contrast, cellulose II is non-reversible to cellulose I (Nagarajan et al., 

2017). 

2.2.2 Hemicellulose 

Hemicellulose does not have a fixed structure. Its backbone can be either a homopolymer or a 

hetero-polymer with short branches linked by β-1,4-glucan bonds and, occasionally, by β-1,3-

glucan bonds (Zhang et al., 2019). These branches consist of five-carbon sugars (i.e. xylose, 

rhamnose, and arabinose), six-carbon sugars (i.e. glucose, mannose, and galactose), and uronic 

acids. Generally, xylose is the dominant sugar for hardwoods and agricultural residues, while 

mannose prevails in softwoods (Baruah et al., 2018; Singhvi and Gokhale, 2019). Contrary to 

cellulose, the polymers present in hemicelluloses are easily degradable, due to the amorphous 

(non-crystalline) structure and the lower degree of polymerisation. Hemicellulose, together 

with lignin, represents a barrier around the cellulose (Figure 2.1), reducing the access of 
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cellulases enzymes (Baruah et al., 2018; Zoghlami and Paës, 2019). The most common 

pretreatments for hemicellulose hydrolysis are dilute acid or alkaline compounds, steam 

explosion or enzymes (Zoghlami and Paës, 2019). 

2.2.3 Lignin 

Lignin is the third most abundant polymer in nature, after cellulose and hemicelluloses, and 

generally represents 10 - 25% of the total feedstock dry matter (Balat, 2011). Lignin is an 

aromatic, complex, three-dimensional cross-linked polymer synthesised from phenylpropanoid 

precursors (Figure 2.1). The lignin structure consists of phenyl propane structural units, liked 

by aryl ether linkages. The structural variableness is given by the substitution of the methoxyl 

groups present in the aromatic rings (Baruah et al., 2018). The lignin content ranges from 10 to 

20% in various LMs, such as straws, hulls, bagasse, and stalks, and can increase to 30 - 40% 

for nut shells and pinewood (Ponnusamy et al., 2019). The three most common monomers 

present in lignin are sinapyl alcohol, coniferyl alcohol, and p-coumaryl alcohol, corresponding 

to the three main structural units, which are syringyl, guaiacyl, and hydroxyphenyl, respectively 

(Ralph et al., 2019). 

Lignin protects the plants from microbial attack and oxidation and gives rigidity and 

impermeability to their structure (Ponnusamy et al., 2019). The presence of lignin is one of the 

main drawbacks of using LMs in fermentation and AD, as it makes lignocelluloses resistant to 

chemical and biological degradation by reducing the hydrolysis rate (Reddy and Yang, 2005). 

Organic solvents, thermal, and fungal pretreatment are generally suggested for efficient lignin 

removal (Amin et al., 2017; Singhvi and Gokhale, 2019). 

2.3 Parameters affecting lignocellulose conversion to biofuels 

The biodegradation of LMs is influenced by four main factors, i.e. i) accessible surface, ii) 

crystallinity and degree of polymerisation of cellulose, as well as the iii) lignin and iv) 

hemicellulose content (Mancini et al., 2016a). Cellulose accessibility is a key factor in the 

bioconversion of LMs to fermentable sugars. Thus, the contact between cellulose and cellulase 

is one of the most critical factors affecting the enzymatic hydrolysis yield and rate. The contact 

area depends on biomass porosity and particle size (Meng and Ragauskas, 2014; Xu et al., 

2019). Cellulase accessibility to cellulose mainly depends on porosity, rather than the external 

surface of the substrate (Siqueira et al., 2017). Over 90% of the cellulose enzymatic digestibility 

depends on the substrate porosity (Wang et al., 2012). In AD, a limited access to cellulose 

results in a scarce contact between biomass and hydrolytic bacteria, which reduces the release 
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of fermentable sugars for the subsequent degradation steps. The accessible surface increases 

along the AD process proportionally with the degradation of the cell wall components (Xu et 

al., 2019). The microorganisms-substrate contact controls the hydrolysis efficiency, especially 

during the first days of AD. On the contrary, other factors prevail later, such as the compact 

structure and the degree of crystallinity of the remaining cellulose (Oliva et al., 2021; Xu et al., 

2019). 

The ordered structure and high crystallinity of cellulose are the main deterrents to convert it to 

biofuels. Nevertheless, amorphous regions, which are more accessible to enzymatic attack, are 

randomly present in the cellulose structure (Zoghlami and Paës, 2019). The cellulose becomes 

more accessible by decreasing the crystallinity degree, enhancing the biofuel production from 

cellulose-rich materials (Jeihanipour et al., 2011). As described in Section 2.2.1, cellulose is a 

linear homopolymer composed of microfibrils, joint together to form fibrils and finally fibers. 

The degree of polymerisation refers to the average length of the polysaccharide chains. An 

increase in the degree of polymerisation is reflected in a higher density and tensile strength of 

the cellulosic component of LMs, making cellulose hydrolysis more difficult (Hallac and 

Ragauskas, 2011; Mattonai et al., 2018).  

A further factor affecting the hydrolysis of LMs is the presence of hemicellulose and lignin. 

Hemicellulose and lignin form a physical barrier around cellulose. It is important to remove or 

alter them, while avoiding the degradation of the hemicellulose sugars to obtain a high sugar 

yield (Singhvi and Gokhale, 2019; Xu et al., 2019; Zoghlami and Paës, 2019). Hemicellulose 

contributes to the resistance of the plant cell wall and reduces the overall hydrolysis rate of LMs 

(Xu et al., 2019). Nevertheless, hydrolysis and acidification of hemicellulose alone are faster 

than those of cellulose, suggesting that the methane production from hemicellulose can be 

optimised by controlling the organic loading rate (Li et al., 2018). Other studies reported that 

the hemicellulose-cellulose linkages contribute to reducing the crystallinity of cellulose, 

enhancing the hydrolysis step (Li et al., 2015; Xu et al., 2012). On the other hand, lignin is well 

known to negatively affect the AD process by reducing the biodegradability of LMs and the 

overall methane yield (Li et al., 2018). Lignin consolidates the cell wall structure and prevents 

contact of hydrolytic enzymes with carbohydrates. In addition, lignin is capable of adsorbing 

cellulase enzymes, further protecting the cellulosic component of LMs (Lu et al., 2016). 
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2.4 Pretreatment methods to enhance methane production from lignocellulosic materials 

The use of LMs for methane production is limited due to their resistance to the enzymatic attack 

(Mahmood et al., 2019). Therefore, many studies have focused on developing cost-effective 

pretreatments to reduce the recalcitrance of LMs (Table 2.2) (Lee et al., 2021; Matsakas et al., 

2020; Oliva et al., 2021). Pretreatments aim to increase the efficacy of lignocellulose hydrolysis 

by improving the accessibility to cellulose. This scope can be achieved by removing or altering 

the lignin and hemicellulose fraction of LMs (Figure 2.2) (Ali et al., 2020; Haldar and Purkait, 

2021). 

To be efficient and economically advantageous, pretreatment methods should meet the 

following features: (i) high recovery of carbohydrates, (ii) high digestibility of the cellulose in 

the subsequent enzymatic hydrolysis, (iii) high solid concentrations as well as a high 

concentration of free sugars in the liquid fraction, (iv) no destruction of hemicelluloses and 

cellulose, (v) no formation of possible inhibitors for hydrolytic enzymes and fermenting 

microorganisms, (vi) cost-effectiveness and low consumption of chemicals, (vii) low 

generation of residues, and (viii) low capital and operational costs (Kumari and Singh, 2018; 

Taherzadeh and Karimi, 2008). 

 

Figure 2.2 – Schematisation of the effect of pretreatment on the lignocellulosic structure. 

Pretreatment techniques can be differently classified. A first classification concerns the pH 

maintained during the process, with pretreatments grouped in acidic, neutral and alkaline 

(Ravindran and Jaiswal, 2016). Nevertheless, the most common classification categorises 

pretreatments into physical, chemical, physicochemical and biological (Table 2.2) (Singh et al., 

2015). 
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2.4.1 Physical pretreatments 

The most common physical pretreatments include different milling (e.g. ball, colloid, vibro-

energy, roller, and hammer), extrusion and irradiation, with the primary objective of increasing 

the accessible surface area and decreasing cellulose crystallinity and degree of polymerisation 

(Amin et al., 2017).  

Milling is a size reduction technique employed to increase the surface/volume ratio and alter 

the structure and the degree of crystallinity of LMs, making pretreated substrates more 

amenable to cellulase attack (Ravindran and Jaiswal, 2016).  

Irradiation pretreatments involve gamma rays, electron beam, ultrasounds (see Section 2.7) and 

microwaves, intending to improve the enzymatic hydrolysis of lignocelluloses (Taherzadeh and 

Karimi, 2008). The pretreatment effectiveness is proportional to the lignin content, resulting in 

a lower efficiency on less recalcitrant (i.e. low lignin) substrates (Keikhosor et al., 2013).  

Extrusion pretreatment relies on the spinning of a single or twin screw into a temperature-

controlled barrel. The mechanical action causes strong shearing forces between the substrate, 

the screw, and the barrel, locally increasing pressure and temperature. Apart from the particle 

size reduction, those forces alter also the biomass structure and change the crystallinity of the 

cellulosic component of the biomass (Duque et al., 2017; Zheng and Rehmann, 2014). 

2.4.2 Chemical pretreatments 

Chemical pretreatments act directly on the main components of the biomass, removing lignin 

and hemicellulose or decreasing the crystallinity degree of the cellulose (Ponnusamy et al., 

2019). The chemical agents employed are divided into four main categories: alkali, acids, salts, 

and organic solvents. 

Alkaline pretreatment involves basic solutions, e.g. sodium hydroxide (NaOH), potassium 

hydroxide (KOH), and calcium hydroxide (Ca(OH)2), aiming to enhance the digestibility of 

LMs. The main effects on LMs are lignin and hemicellulose removal, an increase in porosity 

and the reduction of polymerisation and crystallinity degree of the cellulose (Tu and Hallett, 

2019). Alkaline pretreatments occur at mild conditions, i.e. ambient pressure and temperature, 

but generally last over 24 hours (Amin et al., 2017). NaOH and KOH are the most employed 

basic solutions for alkaline pretreatment, having particular effectiveness for lignin removal 

from low lignin content LMs (Baruah et al., 2018). Nevertheless, the recycling of alkaline 

solutions is challenging, and Na+ and K+ ions can inhibit the subsequent AD process (Bianco 
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et al., 2021b). On the other hand, a Ca(OH)2 solution can be more easily recovered but is less 

effective than NaOH and KOH based solutions (Amin et al., 2017).  

Acid pretreatment is performed with diluted or concentrated solutions. Organic acids, such as 

formic acid, as well as inorganic acids, i.e. sulfuric, nitric, phosphoric, and hydrochloric, are 

widely employed (Baruah et al., 2018). Dilute acid pretreatment (0.1 - 5%) aims to remove the 

hemicellulosic component of the biomass and is effective at high temperatures (100 - 250 °C). 

On the other hand, acids concentrated at 30 - 70% hydrolise both cellulose and hemicellulose 

and require temperatures below 100 °C (Solarte-Toro et al., 2019). Acid solutions are unable to 

dissolve lignin but alter the cellulose-hemicellulose-lignin linkages, which increases the 

biodegradability of the solid residues (Amin et al., 2017). Nevertheless, the formation of 

inhibitory compounds can occur. Phenolic compounds, aldehydes and furfurals are the most 

know inhibitory compounds observed after acid pretreatments (Ali et al., 2020). Acid-

pretreated solid residues of LMs require abundant washing to be ready for AD or other 

biological processes (Rajan and Carrier, 2014). On the other hand, before undergoing 

fermentation processes, the pH of the hydrolysate has to be neutralised with alkaline solutions 

(Gonzales et al., 2017), which increases the overall process costs (Castilla-Archilla et al., 2021) 

and can create further inhibition (Bianco et al., 2021b). 

Ionic liquids and NMMO (see Section 2.6) act on the cellulosic component of LMs (Halder et 

al., 2019; Mancini et al., 2016b). Ionic liquids are salts in the liquid state at room temperature 

in which isolated ions and cations interact by Coulomb forces. NMMO is a zwitterion 

containing localised positive and negative charges in a single molecule (Böhmdorfer et al., 

2017). Ionic liquids and NMMO dissolve cellulose, which can then be regenerated using an 

anti-solvent (Mancini et al., 2016a). The regenerated cellulose shows a lower crystallinity 

which is a critical factor for the bioconversion of LMs (Xu et al., 2019). NMMO is effective at 

different concentrations in aqueous solutions (Wikandari et al., 2016), the mechanisms of which 

are thoroughly discussed in Section 2.6.  

Organosolv pretreatment (see Section 2.5) involves organic solvents such as ethanol, methanol, 

and acetic acid, heated to high temperature to remove lignin and reduce the recalcitrance of 

LMs. Lignin is a valuable product and can be recovered at high purity levels after organosolv 

pretreatment (Ferreira and Taherzadeh, 2020). 
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2.4.3 Physicochemical pretreatments 

Physicochemical pretreatment methods combine chemical and physical approaches. This 

category includes several pretreatment methods such as liquid hot water, wet oxidation, 

ammonia fiber explosion, steam explosion, and CO2 explosion. Steam explosion and liquid hot 

water are the two most studied strategies. 

Steam explosion combines thermal and pressure effects to hydrolyse the hemicellulosic 

component of the biomass (Jacquet et al., 2015). LMs undergo high-pressure (5 - 50 atm) 

saturated steam at temperatures between 160 and 260 °C. The pretreatment time is generally 

short (1 - 10 min) and inversely related to temperature (Amin et al., 2017). Water molecules 

firstly penetrate LMs and explosively escape once pressure is released, causing cell wall 

disruption (Ravindran and Jaiswal, 2016). Higher temperatures lead to substantial 

hemicellulose hydrolysis into glucose and xylose monomers, liberating acetic acid, which acts 

as a catalyst to hydrolyse the remaining sugars (Baruah et al., 2018). However, harsh 

pretreatment conditions can generate inhibitors such as phenolic compounds, formic and 

levulinic acid (Cantarella et al., 2004; Martín et al., 2018). Alternatively, an external catalyst 

(e.g. H2SO4, SO2, H3PO4, and CO2) allows lowering the pretreatment temperature while 

maintaining a high hemicellulose hydrolysis rate (Duque et al., 2016). 

Liquid hot water pretreatment, similarly to steam explosion, requires high temperature and 

pressure to remove hemicellulose and disrupt lignin bonds making the remaining cellulose more 

available for AD (Hashemi et al., 2019b; Qiao et al., 2011). Contrary to steam explosion 

pretreatment, water remains in the liquid state, and pressure allows maintaining this status at 

high temperatures (Ruiz et al., 2020). The hemicellulose sugars, together with other 

hydrolysable compounds, are hydrolysed, making liquid hot water pretreatment ideal for LMs 

rich in non-structural sugars (Ravindran and Jaiswal, 2016). pH has to be controlled to avoid 

the formation of inhibitory compounds (Yang et al., 2018). Liquid hot water pretreatment does 

not need particle size comminution but demands a large amount of water (Baruah et al., 2018). 

2.4.4 Biological pretreatments 

Biological pretreatments include enzymes, microbial consortia, and fungal strains (Baruah et 

al., 2018). Compared with physical and chemical methods, a biological pretreatment has 

various advantages, such as no requirement for chemicals and a lower energy input (Taherzadeh 

and Karimi, 2008). Biological pretreatment methods are performed under mild environmental 

conditions, which reduce the risk of generating inhibitory compounds (Ravindran and Jaiswal, 
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2016). Nevertheless, the long pretreatment time and the competition for carbohydrates between 

organisms carrying out pretreatment and biogas production limit biological pretreatments in 

commercial applications (Tu and Hallett, 2019).  

Several wood-decay fungi have been studied, and white-rot strains are most interesting for the 

biological pretreatment of LMs, since they can selectively metabolise lignin from LMs with 

low carbohydrate consumption (Amin et al., 2017). In contrast, soft-rot and brown-rot fungi 

use enzymes to degrade cellulose and hemicellulose with minimal lignin removal (Ravindran 

and Jaiswal, 2016). White rot fungi have two enzyme systems: the oxidative ligninolytic system 

and the hydrolytic system. The first one makes use of three enzymes, i.e. lignin peroxide, 

manganese peroxide and laccase, which attack the phenyl rings in lignin. The second one 

degrades cellulose and hemicellulose to release fermentable sugars using cellulase and 

hemicellulase enzymes (Nadir et al., 2019). White-rot fungi degrade lignin with two modes of 

action, namely selective and non-selective decay. In selective decay mode, fungi selectively 

degrade the lignin and hemicellulose fractions, while the cellulose fraction is essentially 

unaffected. Non-selective degradation consumes similar amounts of cellulose, hemicellulose, 

and lignin for fungal growth (Baruah et al., 2018).  

Microbial consortia employ mixed cultures to increase the total sugar yield and reduce the lignin 

content of LMs (Ali et al., 2020; Wen et al., 2015; Zhong et al., 2016). Similarly to fungal 

pretreatment, enzymatic pretreatment uses pure enzymes (e.g. laccase, manganese peroxidase, 

cellulase, and xylanase) to achieve the same goals (Koupaie et al., 2019). Nevertheless, 

microbial consortia and enzymatic pretreatment are still attempting to meet a cost-effective 

balance beyond the laboratory scale (Koupaie et al., 2019; Wen et al., 2015).  
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Table 2.2 – Effectiveness of different pretreatment methods on the enhancement of the methane production 

potential of lignocellulosic materials. 

Category Pretreatment Substrate Δ CH4 Reference 

Physical Ball milling Wheat straw + 49% Dell’Omo and Spena (2020) 

Microwave 
Energy crop                          

(Sida hermaphrodita) 
+ 39% Zieliński et al. (2019) 

Extrusion Rice straw + 72% (Chen et al., 2014) 

Chemical Alkaline (NaOH) Wheat straw + 15% Mancini et al. (2018a) 

Acid (H2SO4) Cassava residues + 57% Zhang et al. (2011) 

Ionic liquid 

([C4mim]Cl/DMSO) 
Rice straw + 137% Gao et al. (2013) 

Physicochemical Steam explosion Rubber wood waste + 670% Eom et al. (2019) 

Liquid hot water Sunflower residues + 173% Lee and Park (2020) 

Biological Fungal (white-rot) Rice straw + 114% Kainthola et al. (2019b) 

Microbial consortia 

 (WSD-5) 
Napier grass + 49% Wen et al. (2015) 

Microbial consortia  

(CS-5) 
Catalpa sawdust + 76% Ali et al. (2020) 

2.5 Organosolv pretreatment 

2.5.1 Mechanism and process parameters of organosolv pretreatment 

Organosolv pretreatment is the most efficient pretreatment method to remove lignin, which 

protects the polysaccharides against degradation (Ostovareh et al., 2015). Organosolv is a 

chemical pretreatment in which the LMs are mixed with an organic or aqueous organic solvent 

and heated to dissolve the lignin component. Besides, depending on the operating conditions, 

partial hemicellulose hydrolysis can occur (Oliva et al., 2021). After pretreatment, lignin can 

be extracted from the solvent by precipitation, membrane filtration (Arkell et al., 2014), and 

water electrolysis (Jin et al., 2013). Precipitation is the most employed strategy and is performed 

via acidification of the lignin-rich liquor (Mussatto et al., 2007). 

A wide range of organic or aqueous organic solvents has been explored to pretreat LMs, with 

or without the addition of inorganic or organic acid catalysts (Table 2.3). The optimal process 

temperature depends on the type of biomass, solvent, and catalyst, and usually ranges from 150 

to 200 °C (Taherzadeh and Karimi, 2008). Organic solvents are classified into low boiling point 

alcohols (e.g. methanol and ethanol), higher boiling point alcohols (e.g. ethylene glycol and 

glycerol), and other classes of organic compounds (e.g. dimethyl sulfoxide, ethers and ketones) 

(Borand and Karaosmanoǧlu, 2018). In the choice of the solvent, the price and easiness of 

recovery should also be considered. The solvent should be separated and reused to reduce the 
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operational costs of the process (Zhou et al., 2018). Also, solvent residues must be removed 

from the pretreated material to avoid the inhibition of the subsequent AD process (Behera et 

al., 2014; Harmsen et al., 2010). Due to the high cost of the solvents, ethanol and methanol are 

preferred over alcohols with a higher boiling point. The most employed catalysts to enhance 

the pretreatment effectiveness are hydrochloric, sulfuric, and phosphoric acid (Ferreira and 

Taherzadeh, 2020), but organic acids such as acetic and formic acid have also been investigated 

(Borand and Karaosmanoǧlu, 2018). 

After organosolv pretreatment, three separate components are obtained: a pure cellulose 

fraction, an aqueous hemicellulose stream, and a highly pure lignin fraction (Meng et al., 2020). 

Further, similarly to other pretreatments, organosolv causes a decrease in the crystallinity of 

LMs and enhances the accessibility of carbohydrates for microbial degradation (Mancini et al., 

2016a). At higher temperatures, the cellulose fraction of the biomass is also degraded. 

Furthermore, to be effective, the pretreatment time varies between 0.5 and a few hours. Under 

these process conditions, organosolv is well suitable to dissolve hemicellulose, recover 

cellulose, and make it more susceptible to enzymatic hydrolysis (Ferreira and Taherzadeh, 

2020). Typically, an uncatalysed organosolv pretreatment is efficient only towards low-density 

hardwoods and agricultural residues. Softwoods or high-density hardwoods require more severe 

pretreatment conditions (Harmsen et al., 2010). 

2.5.2 Benefits and drawbacks 

The benefits of organosolv pretreatment include: (i) production of high-quality lignin, which 

can be used for several applications, (ii) reduced amount of waste produced, (iii) lower energy 

use, (iv) increase in porosity, (v) removal of lignin and the reduction of the hemicellulose 

fraction, which may shorten the hydrolysis stage, (vi) low formation of inhibitory compounds, 

compared to the industrially most employed pretreatments, and (vii) easy solvent recovery. On 

the contrary, potential drawbacks of the organosolv pretreatment are the high operational and 

investment costs, as well as the risk of explosion due to the use of organic solvents and the high 

temperatures employed (Ferreira and Taherzadeh, 2020; Meng et al., 2020; Zhou et al., 2018). 

2.5.3 Effectiveness of organosolv pretreatment on different lignocellulosic materials 

Organosolv pretreatment, performed with 75% ethanol using sulfuric acid as a catalyst, 

improves the methane production from hardwood elm, softwood pine, and rice straw 

(Mirmohamadsadeghi et al., 2014). The optimal process parameters vary depending on the 

substrate. Rice straw increases its methane production potential by 32% when pretreated at 150 
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°C for 60 min. Instead, 30 min pretreatment is sufficient to enhance the methane production 

from pinewood by 84%. On the other hand, a higher pretreatment temperature (i.e. 180 °C) has 

a positive effect on elmwood (Mirmohamadsadeghi et al., 2014). Ostovareh et al. (2015) 

improved the bioconversion of sweet sorghum stalks to ethanol and biogas by organosolv 

pretreatment. Nevertheless, the use of the acid catalyst improves the methane yield only at lower 

pretreatment temperatures. 

The organic solvent selection plays a key role when pretreating hazelnut skin (Table 2.3). The 

use of methanol and catalysed-methanol is more efficient than ethanol organosolv pretreatment 

(Mancini et al., 2018b; Oliva et al., 2021). In contrast, methanol-organosolv pretreatment is not 

strong enough to overcome the recalcitrance of nut shells, such as almond shell, and causes a 

loss of biodegradable matter from spent coffee grounds, decreasing the methane production 

(Oliva et al., 2021). On the other hand, ethanol-organosolv pretreatment is particularly effective 

on rice straw and wheat straw, raising the methane production potential of the two LMs to 332 

and 316 mL CH4/g VS, respectively (Mancini et al., 2018a, 2018b). 

Organosolv pretreatment was effective on forest residues using three different organic solvents 

(i.e. ethanol, methanol, and acetic acid) with or without 1% w/w sulfuric acid, acetic acid, and 

hydrochloric acid as catalysts (Kabir et al., 2015). The methane production potential of catalyst-

free pretreated forest residues achieves 300, 230, and 330 mL CH4/g VS for ethanol, methanol, 

and acetic acid pretreated LM, respectively, rather than the untreated biomass that reaches only 

50 mL CH4/g VS. The use of catalysts significantly improved methane production only when 

coupled with methanol (Kabir et al., 2015). The low performance of the forest residues treated 

with only methanol can be attributed to the presence of methanol residues in the pretreated 

substrate that may have negatively affected the AD process. Only a few methanogen groups 

utilise methanol as precursors for methane production, and the catalyst addition was necessary 

to balance this adverse effect. In contrast, methanogens can easily convert ethanol and acetic 

acid to methane (Kabir et al., 2015). The economic analysis performed in that study showed 

that the methanol supply and recovery were cheaper than for the other two solvents (Kabir et 

al., 2015). Ethanol-organosolv pretreatment can also be combined with steam explosion to 

enhance the AD of birch and spruce woodchips (Matsakas et al., 2020). 

Recent studies have focused on rubber wood waste valorisation using organosolv pretreatment 

under a biorefinery approach (Charnnok et al., 2020; Tongbuekeaw et al., 2020). Organosolv 

pretreatment (75% ethanol) significantly increases the methane production from rubber wood 
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waste from 59 to 166 mL CH4/g VS, reducing the lignin content by 74% (Tongbuekeaw et al., 

2020). Sequential ethanol-organosolv and enzymatic pretreatments enhance the methane 

production potential of rubber wood waste. The organosolv step removes almost 50% of the 

lignin, obtaining a glucose-rich hydrolysate for the subsequent enzyme-assisted AD (Charnnok 

et al., 2020). 

Table 2.3 – Effectiveness of organosolv pretreatment for lignin removal (Δlignin) and increment of the methane 

production potential (ΔCH4) of different lignocellulosic materials. 

Substrate 
Optimal pretreatment 

condition 

Pretreatment 

effectivenessa 
Reference 

Rice straw 50% EtOH, 180 °C, 1 h Δlignin: -18% Mancini et al. (2018b) 

ΔCH4: +41% 

Rice straw 75% EtOH, 150 °C, 1 h, 

catalyst 

Δlignin: -22% Mirmohamadsadeghi et al. (2014) 

ΔCH4: +32% 

Wheat straw 50% EtOH, 180 °C, 1 h Δlignin: -14% Mancini et al. (2018a) 

ΔCH4: +15% 

Sugarcane bagasse 25% EtOH + 10% 

Ammonia, 70 °C, 12 h 

Δlignin: -49% Sajad Hashemi et al. (2019) 

ΔCH4: +135% 

Sweet sorghum stalks 50% PrOH, 160 °C, 0.5 h, 

catalyst 

Δlignin: -25% Ostovareh et al. (2015) 

ΔCH4: +107% 

Sunflower stalks 50% EtOH, 160 °C, 0.5 h Δlignin: -26% Hesami et al. (2015) 

ΔCH4: +124% 

Hazelnut skin 50% MeOH, 130 °C, 1 h, 

catalyst 

Δlignin: -9% Oliva et al. (2021) 

ΔCH4: +1700% 

Hazelnut skin 50% EtOH, 180 °C, 1 h Δlignin: N.O. Mancini et al. (2018b) 

ΔCH4: +10% 

Almond shell 50% MeOH, 200 °C, 1 h Δlignin: N.O. Oliva et al. (2021) 

ΔCH4: +7% 

Cocoa bean shell 50% EtOH, 180 °C, 1 h Δlignin: N.O. Mancini et al. (2018b) 

ΔCH4: N.O. 

Spent coffee grounds 50% MeOH, 200 °C, 1 h, 

catalyst 

Δlignin: N.O. Oliva et al. (2021) 

ΔCH4: +10% 

Forest residues 50% MeOH, 190 °C, 1 h, 

catalyst 

Δlignin: -4% Kabir et al. (2015) 

ΔCH4: +320% 

Elmwood 75% EtOH, 180 °C, 1 h, 

catalyst 

Δlignin: -27% Mirmohamadsadeghi et al. (2014) 

ΔCH4: +73% 

Pinewood 75% EtOH, 150 °C, 0.5 h, 

catalyst 

Δlignin: N.O. Mirmohamadsadeghi et al. (2014) 

ΔCH4: +84% 

Rubber wood waste 75% EtOH, 210 °C, 0.5 h Δlignin: -74% Tongbuekeaw et al. (2020) 

 ΔCH4: +179%  

a N.O. means that no significant effect on the specific parameter was observed.  
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2.6 N-methylmorpholine N-oxide pretreatment 

2.6.1 Mechanisms and process parameters of the NMMO pretreatment 

NMMO is a cyclic, tertiary amine, aliphatic oxide capable of dissolving cellulose by disrupting 

the original hydrogen bonds and creating new linkages with the dissolved polymer (Sari and 

Budiyono, 2014; Satari et al., 2019). The effect on cellulose depends on the NMMO hydration 

(Figure 2.3). A water content lower than 17% completely dissolves cellulose, while an NMMO 

content of 76 - 82% leads to the swelling of the cellulose fibers by creating balloons, in which 

the cellulose starts to dissolve. A further increase of the water content (25 - 30%) reduces the 

cellulose dissolution and mainly results in the swelling of the cellulose fibers. An NMMO 

content lower than 65% proportionally decreases cellulose swelling, with no dissolution 

observed (Cuissinat and Navard, 2006). The ability of NMMO in dissolving cellulose is 

attributed to its chemical structure, presenting weak polar N-O bonds with a negative charge on 

oxygen and positively charged on nitrogen. NMMO tends to form new hydrogen bonds with 

both water and cellulose, preferentially with cellulose until the water content of the aqueous 

solution is below 17% (Mancini et al., 2016a; Wikandari et al., 2016).  

 

Figure 2.3 – Effect of NMMO pretreatment on cellulose fibers. 

The interest in NMMO started in the early 20th century with applications in the textile industry 

and culminating with its usage in the Lyocell process (Sayyed et al., 2019). Recently, the 

effectiveness of NMMO on cellulose has allowed its use as a pretreatment for LMs (Table 2.4) 

(Khoshnevisan et al., 2016; Shafiei et al., 2011; Sołowski et al., 2020). The dissolution mode 

(85% NMMO) is recommended for ethanol production, while a lower NMMO concentration 

results in a better improvement in terms of methane production (Jeihanipour et al., 2010). The 

dissolution mode foresees the complete solubilisation and subsequent regeneration of the 
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cellulosic component of the biomass. The rate of cellulose dissolution is inversely related to the 

cellulose concentration and degree of polymerisation (Wikandari et al., 2016). The regeneration 

of cellulose occurs by adding an anti-solvent, such as boiling water (Cuissinat and Navard, 

2006). The regenerated cellulose shows a lower total crystallinity index (TCI) and lateral order 

index (LOI), which facilitate the microbial attack. On the other hand, NMMO pretreatment in 

swelling/ballooning mode allows a higher increase in porosity, with a lower decrease of the 

crystallinity indexes (Jeihanipour et al., 2010).  

TCI and LOI of cellulose-based materials can be estimated by Fourier-transform infrared 

spectroscopy. TCI is expressed as the ratio of the absorbance value at 1375 and 2902 cm-1 and 

is proportional to the entire crystallinity of the sample. LOI is representative of the ratio between 

cellulose I and cellulose II, and is calculated as the infrared spectral ratio 1420/893 cm-1. The 

LOI increases with the crystallinity of cellulose I and decreases with the increasing crystallinity 

of cellulose II (Carrillo et al., 2004; Nelson and O’Connor, 1964a, 1964b). 

2.6.2 Benefits and drawbacks 

NMMO is often recommended as the most advantageous cellulose solvent compared to the 

well-known phosphoric acid, alkaline solutions, and other ionic liquids. NMMO offers the 

advantage of acting directly on the cellulosic component of the biomass, reducing the risk of 

losing carbohydrates, in contrast with other pretreatments such as steam explosion, alkaline, 

phosphoric acid, and biological pretreatments (Wikandari et al., 2016). Depending on the stage 

of hydration, NMMO acts differently on the cellulosic component of the biomass, by increasing 

the porosity or reducing the crystallinity of LMs (Jeihanipour et al., 2010). NMMO pretreatment 

can be operated in relatively mild conditions, with temperature ranging from 90 and 130 °C and 

pretreatment times between 20 min and 30 h (Mancini et al., 2016a).  

The pretreatment feasibility strongly depends on solvent recovery and recycling. The solvent 

recovery takes place by treating the liquid stream of the NMMO pretreatment with ion-

exchange resins to remove contaminants and subsequent evaporation of the water, obtaining 

the monohydrate form of NMMO (Satari et al., 2019). NMMO pretreatment non-recyclable 

liquid waste streams can be treated with ozone, with ozonation products being easily 

biodegradable at neutral pH (Stockinger et al., 1996). The loss of NMMO during recovery is 

less than 2% (Sari and Budiyono, 2014). Nevertheless, the use of NMMO as a pretreatment for 

LMs on a large scale is still limited because of the considerable amount of water required for 

the washing step (Mancini et al., 2016a). 
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The efficacy of recovered NMMO depends on the chemical composition of the LMs. In 

particular, the pretreatment of lignin-rich LMs reduces the efficiency of recovered NMMO 

(Millati et al., 2020), most likely due to negative side reactions and release of by-products such 

as tannins, resin acids, and phenolic compounds (Kabir et al., 2014). The NMMO action during 

pretreatment does not produce furans, reducing the risk of inhibition in the subsequent biofuel 

production processes (Wikandari et al., 2016). However, leftover NMMO after pretreatment 

can inhibit the AD process, even at low (0.5 - 1%) concentrations (Millati et al., 2020). 

2.6.3 Effectiveness of NMMO pretreatment on different lignocellulosic materials 

Recent studies show the effects of 85% NMMO pretreatment at 120 °C on rice straw, wheat 

straw, and hazelnut skin (Mancini et al., 2018a, 2016b). The pretreatment is particularly 

effective on rice straw, increasing the methane production by 82%, even though no significant 

effect on the LOI was observed. On the other hand, NMMO pretreatment significantly reduces 

the crystallinity index of pretreated hazelnut skin, resulting in a higher methane production 

during the first days of AD (Mancini et al., 2016b). Similarly to hazelnut skin, NMMO 

pretreatment increases the porosity of wheat straw, enhancing the specific rate constant Rm from 

21 to 32 mL CH4/g VS/d (Mancini et al., 2018a).  

Teghammar et al. (2012) investigated the effect of 85% NMMO pretreatment on spruce wood, 

rice straw and triticale straw, observing that only for rice straw a longer pretreatment time (i.e. 

15 h) leads to an inhibition of the AD process. On the other hand, 15 h NMMO pretreatment is 

particularly efficient for spruce wood and triticale straw, especially when no comminution is 

performed. The negative effect of a longer pretreatment time is due to the loss of glucan and 

xylan during pretreatment (Teghammar et al., 2012). On the contrary, all investigated 

pretreatment times (i.e. 1, 3, and 15 h) can positively affect the AD of pinewood, confirming 

that a longer time is required when larger particle size substrates undergo NMMO pretreatment 

(Shafiei et al., 2014). The dissolution mode pretreatment (i.e. 85% NMMO)  increases the 

porosity and reduces the crystallinity of birch wood after 3 h pretreatment, enhancing the 

methane production potential by 47% (Goshadrou et al., 2013).  

To the authors’ knowledge, only Purwandari et al. (2013) studied the effect of the NMMO 

concentration on pretreatment of LMs, although it is reported to be a key factor for cellulose 

hydrolysis and subsequent conversion to methane (Jeihanipour et al., 2010). The authors 

investigated 73, 79, and 85% NMMO pretreatment at 90 and 120 °C. A longer pretreatment 

time at 90 °C positively affects the subsequent AD of oil palm empty fruit bunches. In contrast, 
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increasing the pretreatment temperature to 120 °C, the optimal pretreatment time is 3 hours, 

and the significance of the NMMO concentration is attenuated (Purwandari et al., 2013). 

Table 2.4 – Effectiveness of NMMO pretreatment on glucan or total carbohydrates content (Δglucan, Δcarbo), 

crystallinity index (ΔLOI), water swelling capacity (ΔWSC), and increment of the methane production potential 

(ΔCH4) of various lignocellulosic materials. 

Substrate 
Optimal pretreatment 

condition 

Pretreatment 

effectivenessa 
Reference 

Cotton linters 73% NMMO, 90 °C, 1 h ΔLOI: -22% Jeihanipour et al. (2010) 

ΔWSC: -23% 

ΔCH4: +17% 

Rice straw 85% NMMO, 120 °C, 3 h ΔLOI: N.O. Mancini et al. (2016b) 

ΔCH4: +81% 

Triticale straw 85% NMMO, 130 °C, 15 h Δglucan: +35% Teghammar et al. (2012) 

ΔCH4: +583% 

Wheat straw 85% NMMO, 120 °C, 3 h Δglucan: N.O. Mancini et al. (2018a) 

ΔWSC: +46% 

ΔCH4: +11% 

Barley straw 85% NMMO, 90 °C, 7 h Δcarbo: +5% Kabir et al. (2014) 

ΔCH4: +92% 

Hazelnut skin 85% NMMO, 120 °C, 3 h ΔLOI: -9% Mancini et al. (2016b) 

ΔCH4: N.O. 

Cocoa bean shell 85% NMMO, 120 °C, 3 h ΔLOI: +15% Mancini et al. (2016b) 

ΔCH4: +14% 

Oil palm empty fruit 

bunch 

85% NMMO, 120 °C, 3 h Δglucan: N.O. Purwandari et al. (2013) 

ΔLOI: -76% 

ΔCH4: +48% 

Forest residues 85% NMMO, 90 °C, 30 h Δcarbo: +7% Kabir et al. (2014) 

ΔCH4: +114% 

Forest residues 85% NMMO, 120 °C, 3 h Δcarbo: +10% Aslanzadeh et al. (2014) 

ΔCH4: +162% 

Birch wood (milled) 85% NMMO, 130 °C, 3 h Δglucan: +8% Goshadrou et al. (2013) 

ΔWSC: +57% 

ΔLOI: -18% 

ΔCH4: +48% 

Softwood spruce 

chips 

85% NMMO, 130 °C, 15 h Δglucan: +12% Teghammar et al. (2012) 

ΔCH4: +1088% 

Pinewood chips 85% NMMO, 120 °C, 30 h Δglucan: +12% Shafiei et al. (2014) 

ΔWSC: +280% 

ΔLOI: -6% 

ΔCH4: +580% 

Cassava residues 85% NMMO, 90 °C, 2 h ΔLOI: -19% Cheng et al. (2017) 

ΔCH4: +28% 

a N.O. means that no significant effect on the specific parameter was observed. 
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2.7 Ultrasound pretreatment 

2.7.1 Mechanism and process parameters of ultrasound pretreatment 

Ultrasound, or sonication, techniques have been widely employed in medical applications as 

well as chemical and food processing for decades using different frequencies depending on the 

purpose (Chemat et al., 2011; Miller et al., 2012; Suslick, 1999). Recently, ultrasounds are 

getting attention as pretreatment method to enhance the bioconversion of lignocellulosic and 

other waste materials due to their environmental friendly approach (Table 2.5) (Bussemaker 

and Zhang, 2013). Ultrasound pretreatment relies on diffusion of sound waves (> 20 kHz) in 

liquid media, creating alternations of compression and rarefaction phenomena (Figure 2.4a) 

(Yang et al., 2017). The alternation of high and low pressurised zones gives rise to gas bubbles 

that grow up with the sound waves diffusion until imploding for cavitation (Figure 2.4b). The 

bubbles collapse releases a considerable amount of energy, creating zones with high 

temperature (2000 - 5000 K) and pressure (up to 1800 atm) (Hassan et al., 2018; Luo et al., 

2014).  

 

Figure 2.4 – Mechanisms of ultrasound pretreatment: a) alternation of compression and rarefaction zones in the 

liquid media, b) effect of ultrasonic waves on gas bubbles, c) effect of ultrasounds on lignocellulosic structure. 

Ultrasonic cavitation is affected by several parameters. Firstly, the frequency (f) emitted by the 

ultrasonic device plays a key role. It is reported that a higher intensity is required to obtain 

cavitation at high sonic frequencies, overwhelming the cohesive forces of the medium (Luo et 

al., 2014; Santos et al., 2009). The intensity of sonication is proportional to the amplitude of 

vibration of the ultrasonic source. Generally, high amplitudes are not recommended, since they 

can easily lead to deterioration of the ultrasonic transducer. The optimal amplitude also depends 
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on the viscosity of the medium. Higher amplitudes are required when the resistance of the 

sample to the movement of the ultrasonic device increases (Santos et al., 2009). Another 

important parameter to take into account when performing ultrasound pretreatment is the power 

density (Pd) (Zou et al., 2016b), calculated following Eq. (2.1): 

𝑃𝑑 =
𝑃∙𝑡

𝑉∙𝑇𝑆0
                      (2.1) 

where P is the ultrasonic power (W), t is the pretreatment time (t), V is the volume (L) of the 

slurry undergoing ultra-sonication, and TS0 is the initial total solid content (kg) of the slurry. 

Apart from the characteristics of the ultrasonic wave, the operating conditions also impact the 

cavitation phenomenon. Temperature has a contrasting effect during ultrasound pretreatment. 

High temperatures break down the interactions between the solute and matrix, such as hydrogen 

bonds, Van der Waals forces, and dipole attractions. Nevertheless, the vapour pressure increases 

with the temperature of the solvent, with the solvent vapour filling the cavitation bubbles, thus 

reducing their power of collapse (Bussemaker and Zhang, 2013). While water is the most 

employed medium for ultrasound pretreatment, other liquids with a lower polarity (e.g. organic 

liquids) are also expected to be efficient. On the other hand, viscous liquids (e.g. oils) make 

cavitation harder (Santos et al., 2009). 

2.7.2 Benefits and drawbacks 

Cavitation has both thermal and physical effects on the solid particles present in the media, 

contributing to the fractionation of the lignocellulosic structure and lysing of the membranes 

and cell walls of the LMs (Figure 2.4c) (Rehman et al., 2013; Santos et al., 2009). Ultrasound 

pretreatment reduces the crystallinity and degree of polymerisation of cellulose, enhancing its 

hydrolysis and the solubilisation of the overall organic matter. Besides, ultrasound pretreatment 

modifies the surface of LMs and disrupts the lignin linkages, separating the lignin fraction from 

the cellulose and hemicellulose sugars (Bundhoo and Mohee, 2018; Bussemaker and Zhang, 

2013; Hassan et al., 2018).  

The main concern on ultrasounds techniques regards cost end energy aspects. Although some 

researchers reported the unfeasibility of ultrasound pretreatment on a laboratory scale (Bundhoo 

and Mohee, 2018), other studies show its energetic convenience when employing commercial 

technologies on a larger scale (Cano et al., 2015). Apart from the energy and economic aspect, 

the possible degradation of cellulose and hemicellulose sugars should be considered when 
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performing ultrasound pretreatment for LMs valorisation. Nevertheless, this aspect highly 

depends on the lignocellulosic substrate (Bussemaker and Zhang, 2013). 

2.7.3 Effectiveness of ultrasound pretreatment on different substrates 

Several authors report that ultrasounds can reduce the particle size and increase the surface area 

of sewage sludge (Bougrier et al., 2006; Cho et al., 2013; Chu et al., 2001; Na et al., 2007) and 

manures (Elbeshbishy et al., 2011). Recently, the same effect has been observed on LMs, 

showing that the pretreatment duration is proportional to the substrate disruption. Scanning 

electron microscopic (SEM) images show that the damages to the external surface of wheat 

straw and maize straw increase with the pretreatment time. Therefore, ultrasound pretreatment 

improves the vulnerability of LMs, thus increasing the available contact surface for the 

subsequent AD process (Zou et al., 2016b, 2016a). 

Ultrasound pretreatment also acts on the chemical composition of LMs. The cavitation 

phenomena lead to the formation of radicals that contribute to increased oxidative stress during 

pretreatment (Santos et al., 2009). This aspect, together with high pressure and temperature, 

reduces the lignin content of LMs, generally leaving the cellulosic component of the biomass 

unaffected. On the other hand, the removal of hemicellulose sugars is observed, most likely due 

to their amorphous structure and weak linkages (Perrone et al., 2016). Therefore, ultrasonic 

waves enable to obtain cellulose-rich materials, increasing the digestability of LMs during AD. 

Imam and Capareda (2012) investigated the effect of hot water and ultrasound-assisted hot 

water pretreatment on sweet sorghum residues. Hot water pretreatment alone is not effective on 

lignin removal. On the other hand, the ultrasonic implementation reduced the lignin content by 

48%, compared to the untreated sweet sorghum. Similarly, ultrasound pretreatment of 

sugarcane bagasse reduced the lignin content from 27 to 21%, with minor effects on the 

cellulose and hemicellulose content (Ramadoss and Muthukumar, 2014). Ultrasound-ammonia 

pretreatment removed 70% of the lignin from sugarcane bagasse (Velmurugan and 

Incharoensakdi, 2016). 

While ultrasound pretreatment generally does not change the cellulose content, ultrasonic 

waves may affect the cellulosic hydrogen bonds (Nakashima et al., 2016). In particular, 

ultrasounds reduce the crystallinity of the cellulosic part of LMs by rearranging the cellulose 

structure, leaving a more amorphous polymer, vulnerable to enzymatic attack (Bussemaker and 

Zhang, 2013). On the other hand, some studies report an increase in the crystallinity index after 
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ultrasound pretreatment. This is likely a consequence of the high lignin removal, resulting in a 

higher cellulose content remaining in the solid phase after the pretreatment.  

The methane production potential increases as a consequence of the changed structural and 

chemical characteristics of the ultrasound pretreated LMs (Subhedar and Gogate, 2014). Qi et 

al. (2021) investigated the effectiveness of ultrasound pretreatment on the co-digestion of 

cannabis straw and municipal wastewater, obtaining a 77% increment of the methane 

production after 30 min pretreatment at 100 W. Zou et al. (2016b, 2016a) observed a positive 

effect on methane production from wheat and maize straw co-digested with dairy manure after 

ultrasound pretreatment.  

Interestingly, ultrasound pretreatment shows a great potential when combined with alkaline 

pretreatment (Hassan et al., 2017). The combination can occur using an alkaline solution as the 

medium of the ultrasound pretreatment or, simply, when ultrasonic irradiation follows the 

previously performed alkaline pretreatment (Hassan et al., 2017; Korai and Li, 2020). 

Sequential NaOH-ultrasound pretreatment enhances the methane production potential of corn 

stover from 148 up to 320 mL CH4/g VS (Hassan et al., 2017). Similarly, ultrasound 

pretreatment of wheat straw using 2, 5 and 6% KOH as the medium allows a 47% increment of 

methane production (Korai and Li, 2020). Despite the promising effects, other studies did not 

observe a significant effect on methane production after ultrasound pretreatment, most likely 

due to the low specific energy applied, which lowers the rate of sugar solubilisation (Elalami et 

al., 2020; Passos et al., 2015).  
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Table 2.5 – Effectiveness of ultrasound pretreatment on reducing sugars (Δsugars), crystallinity index (ΔCrI), 

lignin removal (Δlignin), and increment of methane production potential (ΔCH4) for different lignocellulosic 

materials. 

Substrate 
Optimal pretreatment 

condition 
Effectivenessa Reference 

Wheat straw                           

(co-digestion with dairy manure) 

f: 40 kHz, P: 200 W, t: 20min Δsugars: +24% Zou et al. (2016a) 

ΔCH4: +80% 

Maize straw                                       

(co-digestion with dairy manure) 

f: 50 kHz, P: 250 W, t: 30min Δsugars: +16% Zou et al. (2016b) 

ΔCH4: +70% 

Wheat straw                         f: 20 kHz, P: 450 W, t: 10min 

(ultrasound assisted with KOH) 

ΔCH4: +47% Korai and Li (2020) 
 

Cannabis straw f: 40 kHz, P: 100 W, t: 30min  ΔCrI: +21% Qi et al. (2021) 

ΔCH4: +77% 

Corn stover f: 40 kHz, P: 200 W, t: 90min  ΔCH4: +15% Hassan et al. (2017) 

Grape pomace f: 50 kHz, P: 60 W, t: 70min Δlignin: -18% El Achkar et al. 

(2018) ΔCH4: +10% 

Olive pomace f: 20 kHz, P: 450 W, t: 10min Δlignin: -10% Elalami et al. (2020) 

ΔCH4: N.O. 

Sida hermaphrodita (L.) Rusby 

(codigestion with cattle manure) 

f: 25 kHz, P: 300 W, t: 10min ΔCH4: +127% Kisielewska et al. 

(2020) 

Vinegar residues (grinded) f: 40 kHz, P: 50W, t: 60 min ΔCH4: +30% Kong et al. (2021) 

a N.O. means that no significant effect on the specific parameter was observed. 
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Abstract 

Lignocellulosic materials are the most abundant biomass on the planet, representing a great 

opportunity for energy valorisation. This work investigated the effect of methanol-organosolv 

pretreatment on the methane production from hazelnut skin (HS), spent coffee grounds (SCG), 

and almond shell (AS). The pretreatment on the three lignocellulosic materials was performed 

at 130, 160, and 200 °C for 60 min using a 50% (v/v) methanol solution, with and without the 

addition of sulfuric acid as a catalyst. The biochemical methane potential of raw and pretreated 

substrates was evaluated under wet-mesophilic conditions in batch reactors, achieving 17.3 (± 

32.3), 293.4 (± 46.6), and 23.2 (± 9.6) mL CH4/g VS for HS, SCG, and AS, respectively. The 

methanol-organosolv pretreatment was particularly effective on HS, increasing its methane 

production potential up to 310.6 (± 22.2) CH4/g VS. On the contrary, all pretreatment conditions 

were ineffective on SCG and AS in terms of cumulative methane production. Among the three 

substrates, only HS showed significant composition changes due to the pretreatment, with the 

lignin content decreasing from 39.66 to 34.73% and the amount of bioavailable sugars 

increasing. An energy assessment confirmed the pretreatment efficacy on HS, with a maximum 

net positive energy recovery of 1.35 kWh/kg VS. 
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3.1 Introduction 

Lignocellulosic materials (LMs) are the most abundant bioresources on the planet, with 

approximately 200 billion tons of plant biomass produced every year and 5 - 10% of the primary 

biomass still accessible for biorefinery applications after the primary use (Reddy and Yang, 

2005; Saini et al., 2015). The use of LMs for biofuel production does not compete with food 

production, since LMs are treated as wastes from agricultural, municipal, or industrial activities 

and generally have a low cost (Galbe and Zacchi, 2012).  

The energy valorisation of LMs represents a great opportunity for the transition from a fossil 

fuel-based economy to a sustainable carbon-neutral bioeconomy, with anaerobic digestion 

(AD) being one of the most well-established technologies (Paul and Dutta, 2018). AD is an 

alternative to landfilling and combustion, with the advantages of avoiding uncontrolled 

emissions and producing methane (CH4) which, once combusted, generates a lower amount of 

carbon dioxide (CO2) per unit of energy compared to other fossil fuels and few other 

atmospheric pollutants. The World Bioenergy Association reported a domestic supply of biogas 

of approximately 1.33 EJ, with Europe accounting for half of the global supply (World 

Bioenergy Association, 2019). The energy content of biogas, described by the lower calorific 

value, ranges from 20 to 36 MJ/Nm3 biogas depending on the methane content (Angelidaki et 

al., 2018; Chynoweth et al., 2001). 

The use of LMs for AD is, nevertheless, still limited due to their complex and resistant structure, 

which mainly consists of cellulose, hemicellulose, lignin, and other non-structural components, 

called extractives (Sawatdeenarunat et al., 2015). The main reason for biomass recalcitrance 

seems to be the low accessibility of cellulose fibers, caused by the presence of lignin and 

hemicellulose, which prevents cellulase enzymes from reaching and attacking cellulose (Vats 

et al., 2020). 

Pretreatments can be used to increase the hydrolysis of LMs and improve the accessibility to 

cellulose. The most commonly used classification categorizes the different pretreatments into 

physical, chemical, physico-chemical, and biological (Zheng et al., 2014). Chemical 

pretreatments improve the biodegradability of cellulose by removing lignin and, where 

appropriate, hemicelluloses, increasing the accessible surface area, and reducing the degree of 

polymerization and crystallinity of the cellulosic biomass components. The chemical agents 

can be classified into four main categories: acids, alkali, organic solvent, and salts (Amin et al., 

2017).  
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Organosolv pretreatment has been reported as one of the most efficient methods for lignin 

removal. In this pretreatment, the LMs are mixed with an aqueous organic solvent, and heated 

to dissolve the lignin and part of the hemicellulose, leaving the cellulose in the solid phase. The 

process temperature usually ranges from 120 to 200 °C, depending on the type of biomass, 

catalyst, and solvent. The duration varies between 0.5 and 3.0 hours (Zhang et al., 2016). The 

organosolv pretreatment is well suited to be integrated into a biorefinery concept, combining 

the advantages of an easy solvent recycling and the recovery of a highly pure lignin fraction 

(Ferreira and Taherzadeh, 2020; Gunasekaran et al., 2020). Several authors studied the effect 

of ethanol-organosolv pretreatment for ethanol and biogas production, as well as recovery of 

sugars and other valuable compounds (Choi et al., 2019; Jiang et al., 2019; Kim et al., 2018; 

Sulbarán-Rangel et al., 2020). Nevertheless, only a few studies investigated the use of other 

alternative solvents such as methanol, acetone, and butanol, which can result in a more efficient 

lignin removal and subsequent a higher methane production (Katsimpouras et al., 2018; Salapa 

et al., 2017; Yuan et al., 2018). Methanol is considered an environmentally friendly solvent due 

to a low accumulation capacity in soils in case of accidental losses, and a high biodegradability 

under both aerobic and anaerobic conditions (Medina et al., 2017). 

This study aims to investigate the effects of organosolv pretreatment on the methane yield 

obtained from the AD of three LMs materials, namely hazelnut skin, spent coffee grounds, and 

almond shell. In addition to this, the changes in lignocellulosic composition and physical 

structure were also studied. The organosolv pretreatment was carried out using methanol as the 

organic solvent at a 50% (v/v) water-methanol solution, with and without catalyst (sulfuric acid) 

addition. The pretreatment was conducted at 130, 160, and 200 °C for 1 hour. The experimental 

methane production results were validated by fitting them with a modified Gompertz model. 

An energy balance was performed to assess the feasibility of the organosolv pretreatment. 

3.2 Materials and methods 

3.2.1 Raw materials 

Three raw materials were used as substrates: hazelnut skin (HS), spent coffee grounds (SCG), 

and almond shell (AS). The HS came from the industrial roasting of imported Turkish hazelnuts 

performed by a local food farming company in the Campania region (Italy). SCG were directly 

collected from a coffee bar in Galway (Ireland). The initial moisture content of SCG was 63.2 

(± 0.3) wt%. Due to the high water content and to prevent spoilage due to microbial formation 

during storage, the SCG was dehydrated at 60 °C for about 48 h before use (Pellera and 
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Gidarakos, 2018). Almonds were commercially purchased from a local market in the Lazio 

region (Italy), crushed manually, and separated from the edible kernel to obtain the AS. Both 

HS and AS were cut down and sieved to screen for a particle size ranging from 1.0 and 2.5 mm. 

The raw materials were stored at 4 °C when not used. The concentration of total (TS) and 

volatile (VS) solids of the raw materials, as well as the thermal ultimate analyses, i.e. carbon 

(C), hydrogen (H), nitrogen (N), sulfur (S), and oxigen (O) content, of the raw LMs, is reported 

in Table 3.1. 

Table 3.1 – TS and VS concentration, as well as the ultimate analyses of the raw substrates employed in this study. 

 HS SCG AS 

TSa  (%) 94.3 ± 0.1 68.3 ± 0.2 91.1 ± 0.1 

VSa  (%) 91.6 ± 0.1 67.0 ± 0.5 89.9 ± 0.1 

Cb  (%) 59.72 ± 0.04 55.08 ± 0.10 50.91 ± 0.06 

Hb  (%) 6.38 ± 0.04 7.09 ± 0.02 5.98 ± 0.04 

Nb  (%) 0.98 ± 0.01 2.41 ± 0.00 0.27 ± 0.01 

Sb  (%)  0.10 ± 0.00 0.12 ± 0.01 0.07 ± 0.01 

Ob
diff  (%) 32.82 ± 0.00 35.30 ± 0.12 42.76 ± 0.01 

a TS and VS are based on the wet matter (g/100 g). 
b Content of C, H, N, S, and O is reported on a dry ash-free basis. 

3.2.2 Inoculum 

The inoculum used in this study was a granular sludge obtained from a full-scale upflow 

anaerobic sludge blanket (UASB) digester, operated at ambient temperature for the treatment 

of dairy wastewater and located in Kilconnell (Ireland). The TS and VS content of the inoculum 

was 6.0 (± 0.1) and 5.2 (± 0.1)%, respectively. The total and volatile suspended solid 

concentration of the sludge was reported by Castilla-Archilla et al. (2020), who used the same 

sludge as an inoculum in their acidogenic experiments. The inoculum was stored at 4 °C while 

waiting to be used. 

3.2.3 Organosolv pretreatment 

The organosolv pretreatment was performed on HS, SCG, and AS using a 50% (v/v) water-

methanol solution as the solvent, with and without the addition of sulfuric acid as the catalyst. 

As pretreatment temperature, 130, 160 and 200 °C were investigated. The pretreatment duration 

was 60 min. Table 3.2 summarises the pretreatment conditions applied on the three substrates.  
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Table 3.2 – Methanol (MeOH)-organosolv pretreatment conditions applied on hazelnut skin, spent coffee grounds, 

and almond shell used as substrates for anaerobic digestion in this study. 

Pretreatment 

condition 
Solvent Catalyst T (°C) t (min) 

A Untreated - - - 

B 50% MeOH none 130 60 

C 50% MeOH none 160 60 

D 50% MeOH none 200 60 

E 50% MeOH 0.01M H2SO4 130 60 

F 50% MeOH 0.01M H2SO4 160 60 

G 50% MeOH 0.01M H2SO4 200 60 

The pretreatment was performed using a high-pressure stainless-steel vessel (Sigma-Aldrich, 

Germany) with a working volume of 300 mL (Mancini et al., 2018a). First, 20 g (dry weight) 

of the LMs were mixed with 200 g of 50% (v/v) methanol solution, keeping a solid to liquid 

ratio (S/L) of 1:10 (Ferreira and Taherzadeh, 2020). In the case of catalyst addition, sulfuric 

acid was added to the solution to obtain a sulfuric acid concentration of 0.1% (w/v). The 

procedure was identically repeated to pretreat all three LMs. 

The vessel was then sealed, placed in a convective oven (UN110, Memmert, Germany), and 

heated to the desired temperature, which was kept for 60 min. After the pretreatment, the vessel 

was cooled in an ice bath. The pretreated LMs were removed from the vessel, washed with 100 

mL fresh 50% (v/v) methanol, and rinsed with abundant distilled water until obtaining a clear 

liquor with neutral pH. The pretreated LMs were dehydrated at 60 °C for about 2 days and 

stored in plastic bags at 4 °C until use. 

3.2.4 Biochemical methane potential tests 

Batch biochemical methane potential (BMP) tests were carried out under mesophilic (~ 37 °C) 

conditions in 250 mL serum glass bottles (OCHS, Germany) (Figure 3.1). Temperature was 

kept using an orbital water bath (OLS26, Grant, UK), which continuously maintained the bottles 

at 100 rpm. Each bottle was filled with the inoculum and the raw or pretreated LMs. The 

inoculum to substrate ratio was kept at 1.5 in terms of g VS. Distilled water was added to adjust 

the final volume to 150 mL in all bottles, leaving 100 mL as headspace volume for the biogas 

accumulation. The final solid content was 1.8% TS in order to operate AD under wet conditions 

(Nagao et al., 2012). To ensure anaerobic conditions, each bottle was flushed with nitrogen gas 

(N2) and then vented to reach atmospheric pressure. Control biochemical tests, containing only 

inoculum and distilled water, were simultaneously carried out to evaluate the methane 

production obtained from the inoculum alone. Results are all reported as net cumulative 
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methane production obtained after subtracting the amount of methane produced with the 

substrate-free controls. All experiments were performed in triplicate and methane production 

was recorded for 45 days. 

 

Figure 3.1 – Schematic design of 250 mL serum bottles used to perform the biochemical methane potential assays: 

inoculum (a), substrate (b), distilled water (c), headspace (d), rubber septum (e), aluminium crimp (f), needles 

equipped with 1-way stopcocks (Masterflex, Germany) for gas (g) and liquid (h) sampling. 

3.2.5 Analytical methods 

TS and VS of the inoculum, raw and pretreated materials were determined according to Sluiter 

et al. (2008b, 2008a) by using a convective oven (UN110, Memmert, Germany) incubated 

overnight at 105 °C and a muffle furnace (BWF 11/13, Carbolite, UK) at 575 °C for 4 hours, 

respectively. 

Water swelling capacity (WSC) or water-holding capacity was evaluated as an indicator of 

porosity before and after the pretreatment following the protocols described by Jeihanipour et 

al. (2010). The external surface of raw and pretreated substrates was observed using a scanning 

electron microscope (SEM) (S2600N, Hitachi, Japan) at an acceleration voltage of 15 kV. All 

LMs were preliminarily made conductive by gold coating (Yarbrough et al., 2009) with a 

sputter coater (K550, Emitech, UK). 

The ultimate analysis of raw LMs, as well as full characterisation of raw and pretreated LMs, 

were carried out by Celignis Limited (Limerick, Ireland). The ultimate analysis was done 

following the procedure outlined in European Standard EN 15104:2011 using an elemental 

analyser (Vario MACRO cube, Elementar, Germany) to determine the carbon, hydrogen, 
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nitrogen, and sulfur content of the raw samples, with the oxygen content obtained by subtraction 

from 100 of the values of the other elements. The full characterisation of raw and pretreated 

LMs in terms of full extractives, lignocellulosic sugars, lignin, and ash was performed in 

duplicate according to the procedure described by Sluiter et al. (2008d, 2008c). 

Biogas accumulation in the headspace volume was monitored with a pressure-meter (Leo 1, 

Keller, Switzerland) and calculated as pressure difference using the ideal gas law, according to 

Li et al. (2018). The gas composition was evaluated with a gas chromatograph (7890B, Agilent, 

USA), equipped with a thermal conductivity detector (TCD) heated at 250 °C, able to detect 

CH4, CO2, N2, O2, and H2. Helium was used as the carrier gas with a flow rate of 10 mL/min. 

The headspace was regularly sampled and then restored at atmospheric pressure. 

The volatile fatty acids (VFAs) accumulation during the AD process was monitored by using a 

high-performance liquid chromatograph (HPLC) (1260 Infinity II, Agilent, USA) equipped 

with a Hi-Plex H (300x7.7 mm) column, heated at 60 °C and a refractive index detector (RID) 

set at 55 °C. A 0.005M H2SO4 solution was used as the mobile phase at a flow rate of 0.7 

mL/min. For analysis of VFAs, 2.5 mL of the liquid phase was sampled from each bottle during 

the first 20 days of the experiment, following the same timing of the gaseous samples. Before 

being analysed, the samples for VFAs analysis were centrifuged for 10 min at 14,500 rpm and 

filtered with 0.2μm polyethersulfone membranes (Filtropur S 0.2, Sarstedt, Germany). The pH 

of liquid samples was measured with a pH meter (300 pH/ORP, Cole Parmer, USA). 

3.3 Calculations 

3.3.1 Theoretical methane production 

The theoretical BMP of raw substrates was estimated considering their elemental composition 

(C, H, O, N) according to Pellera and Gidarakos (2016). The following Boswell-Boyle’s Eq. 

(3.1) and Eq. (3.2) describe the stoichiometry of the degradation reaction and the theoretical 

BMP, respectively: 
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The elemental composition enables a fast estimation of the maximum BMP. However, this 

equation does not consider the presence of non-biodegradable matter, including lignin. It is also 

based on the assumption of perfect mixing, constant temperature, ideal conditions for the 

microbial activity, and no ashes accumulation. Despite that the theoretical BMP is never 

achieved, it gives an estimation of the maximum accessible methane production of a substrate 

(Codignole Luz et al., 2018; Nielfa et al., 2015). 

3.3.2 Model fitting 

Methane production was modelled by fitting the experimental data with a modified Gompertz 

model, in two stages, using the Origin2018 software (OriginLab Corporation, USA). The end 

of the first stage was defined as the last steady-state point observed followed by an exponential 

increase in methane production, assigned as the start of the second stage. The precision of fitting 

was evaluated with the Excel 2016 RSQ (Pearson product-moment correlation coefficient) 

function (Microsoft Corporation, USA). 

The Gompertz model, used by several authors (Donoso-Bravo et al., 2010; Li et al., 2011; 

Pellera and Gidarakos, 2016) to evaluate methane production through AD, is described by Eq. 

(3.3) and Eq. (3.4), respectively: 

𝐺1 = 𝐺𝑚1 ∙ exp {−𝑒𝑥𝑝 [
𝑅𝑚1∙𝑒

𝐺𝑚1
∙ (𝜆1 − 𝑡) + 1]}   t < tb                (3.3)       

𝐺𝑓 = 𝐺1 + 𝐺𝑚2 ∙ exp {−𝑒𝑥𝑝 [
𝑅𝑚2∙𝑒

𝐺𝑚2
∙ (𝜆2 − 𝑡) + 1]}   t > tb                     (3.4) 

where t (d) is time, the independent variable of the model, and tb (d) is the crossover point 

between the two stages, observed experimentally. G1 and Gf (mL CH4/g VS) are the cumulative 

methane productions during the first stage and at the end of the process, respectively. Gm1 and 

Gm2 (mL CH4/g VS) are the maximum methane production yields estimated for the two stages. 

Rm1 and Rm2 (mL CH4/g VS∙d) are the maximum methane production rates. λ1 and λ2 are the 

lag phases (d). 

3.3.3 Energy balance 

The energy balance of the organosolv pretreatment on HS, SCG, and AS was roughly estimated. 

The specific energy consumption H (kWh/kg VS) required for the pretreatment was calculated 

according to Mancini et al. (2016a) using Eq. (3.5): 

𝐻 =
𝑚 ∙ 𝐶𝑝 ∙ ∆𝑇

3600
                       (3.5) 
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where m (kg) is the mass of aqueous-organic solvent required to treat 1 kg VS of the raw 

substrate, Cp (2.83 kJ/(kg∙°C) (Thermtest Inc., 2017)) is the solvent specific heat capacity, ΔT 

is the difference between ambient (25 °C) and pretreatment temperature, and 3600 is the 

conversion factor between kJ and kWh. 

The specific energy production EP (kWh/kg VS) from the methane produced was obtained using 

Eq. (3.6), as reported by Bianco et al. (2020): 

𝐸𝑃 = (𝑆𝑀𝑌𝑡𝑟𝑒𝑎𝑡𝑒𝑑 − 𝑆𝑀𝑌𝑟𝑎𝑤) ∙ 𝜉 ∙ 0.5                   (3.6) 

where SMYtreated and SMYraw (kg CH4/kg VS) are the specific methane yields from pretreated 

and raw substrates, ξ is the lower heating value of methane (13.9 kWh/kg CH4), and 0.5 

represents the efficiency of a combined heat and power unit (CHP), equal to 50%. The specific 

energy recovery ER was obtained by subtracting H from EP. 

3.3.4 Statistical analysis 

The cumulative methane production data from each substrate under the different pretreatment 

conditions were compared by one-way analysis of variance (ANOVA) followed by the Tukey 

post hoc test (Lee and Lee, 2018). The same statistical analysis was performed for the porosity 

index of raw and pretreated LMs. The correlation between lignin content and cumulative 

methane production (rlign-CH4) was evaluated using the Pearson product-moment correlation. All 

analyses were performed with Minitab 17 Statistical Software (Minitab LCC, USA), where a 

difference marked with a p-value lower than 0.05 was considered statistically significant.  

3.4 Results 

3.4.1 Methane production and energy balance assessment 

Table 3.3 shows the methane production after 45 days of AD from HS, SCG, and AS. The 

theoretical BMP calculation showed a maximum achievable methane production of 613.8, 

573.0, and 490.0 mL/g VS, respectively for raw HS, SCG, and AS. 

The organosolv pretreatment significantly increased the methane production from HS (p < 0.05) 

(Table 3.3) under all the pretreatment conditions (Figure 3.2a-b). The methane yield increased 

from 17.3 up to 310.6 mL CH4/g VS. The energy balance assessment showed a positive energy 

gain for the methanol-organosolv pretreated HS, with the net energy production (ER) ranging 

from 0.08 and 0.75 kWh/kg VS (Table 3.3), depending on the pretreatment condition used. On 

the other hand, no significant difference (p > 0.05) in methane production was observed with 

the pretreated SCG compared to the raw material (Figure 3.2c-d), with the methane content in 
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the biogas steadily ranging from 62.7 to 68.8% and the net methane production between 175.8 

and 322.9 mL CH4/g VS. All the applied pretreatment conditions on AS were ineffective in 

terms of increased cumulative methane production (Figure 3.2e-f). Nevertheless, by treating 

AS at 200 °C without catalyst addition, the methane content in biogas rose from 57.1 to 77.4%. 

No significant VFAs accumulation was observed for both raw and pretreated materials (Figure 

3.3), with pH always ranging from 6.3 and 7.5 during the AD process. 

Table 3.3 – Cumulative specific net methane production followed by statistical comparison, methane percentage 

in biogas, and specific energy recovery (ER) from untreated and methanol-organosolv pretreated LMs after 45 

days of anaerobic digestion. 

Substrate 
Pretreatment 

conditiona 

Methane 

production 

(mL CH4/g VS) 

Statistical 

informationb 

Methane 

percentage c 

(% CH4) 

ER 

(kWh/kg VS) 

HS 

A 17.3 ± 32.3 c 36.3 - 

B 259.7 ± 1.5 ab 72.4 0.49 

C 253.5 ± 9.8 b 72.8 0.26 

D 272.9 ± 1.6 ab 72.9 0.08 

E 310.6 ± 22.2 a 69.1 0.75 

F 297.9 ± 6.9 ab 69.7 0.48 

G 296.9 ± 12.5 ab 69.0 0.20 

SCG 

A 293.4 ± 46.6 a 62.7 - 

B 175.8 ± 28.6 b 68.8 -1.49 

C 243.2 ± 14.5 ab 64.8 -1.41 

D 302.4 ± 41.4 a 64.2 -1.46 

E 273.5 ± 20.9 a 62.6 -1.07 

F 321.3 ± 43.4 a 62.0 -1.11 

G 322.9 ± 19.5 a 62.1 -1.48 

AS 

A 23.2 ± 9.6 a 57.1 - 

B 8.8 ± 3.9 bc 65.1 -0.80 

C 3.7 ± 3.4 c 55.2 -1.03 

D 24.8 ± 2.6 ab 77.4 -1.20 

E 17.1 ± 3.8 abc 56.3 -0.76 

F 12.0 ± 1.6 abc 48.4 -0.99 

G 10.9 ± 5.8 abc 48.7 -0.30 

a The pretreatment conditions are defined in Table 3.2. 

b The same letter represents no significant differences (p > 0.05) with the compared condition. 

c Calculated as cumulative methane to cumulative biogas ratio. 
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Figure 3.2 – Cumulative methane production from AD of HS, SCG and AS: untreated ( ); organosolv at 130 °C 

( ), 160 °C ( ), and 200 °C ( ) without (a, c, e) and with (b, d, f) catalyst addition. 
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Figure 3.3 – VFAs evolution during the AD process. Raw HS (a) and HS treated at 130, 160, and 200 °C without 

(b, c, d) and with catalyst raw (e, f, g). Raw SCG (h) and SCG treated at 130, 160, and 200 °C without (i, j, k) and 

with catalyst raw (l, m, o). Raw AS (o) and HS treated at 130, 160, and 200 °C without (p, q, r) and with catalyst 

raw (s, t, u). 
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3.4.2 Effect of pretreatments on the chemical composition of lignocellulosic materials 

The compositional analysis revealed the remarkable recalcitrant nature of the three raw 

substrates (Table 3.4). The total lignin content was 39.66 (± 0.09), 20.31 (± 0.29), and 30.58 (± 

0.13) g/100 g TS, respectively for HS, SCG, and AS. On the other hand, the sugar content and 

composition were significantly different between the three LMs. Raw HS resulted in a 

significantly lower sugar content (13.72%), mainly consisting of glucan (10.15%), mostly 

associated with the total cellulose content (Table 3.4). On the contrary, raw SCG showed a high 

content of six-carbon hemicellulose sugars, such as mannan (23.14%) and galactan (8.79%), 

with cellulose being only 8.77% of the dry mass composition (Table 3.4). Lastly, the 

compositional analysis of raw AS resulted in a more balanced composition between cellulose, 

hemicellulose, and total lignin, with glucan (23.35%) and xylan (19.74%) being the most 

abundant sugars (Table 3.4). The lignocellulosic compositional analysis also revealed the 

presence of extractives, especially in HS and SCG. 

Organosolv pretreatment reduced the lignin content of HS by 7 - 12%, with total sugars 

increasing from 13.72 up to 17.34%. The SCG glucan and mannan content increased to 8.86 - 

10.05 and 24.25 - 26.24%, depending on the pretreatment condition, with a maximum lignin 

reduction of 10%, associated with the highest pretreatment temperature with no catalyst 

addition. On the other hand, the pretreatment has not reduced the lignin content of AS, with a 

slight increase in the total sugars content. Besides, all pretreatment conditions removed part of 

the extractives from the three LMs. 

The Pearson’s test showed a strong inverse correlation between the lignin content and 

cumulative methane production from HS (rlign-CH4 = - 0.927) with a p-value of 0.003. In contrast, 

no significant correlation was observed between the lignin content and the cumulative methane 

production for AS and SCG (p > 0.05). 
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Figure 3.4 – Chemical composition of raw and pretreated substrates: full extractives ( ), glucan ( ), xylan ( ), 

mannan ( ), arabinan ( ), galactan ( ), rhamnan ( ), total lignin ( ), and ashes ( ). AS: almond shell, SCG: 

spent coffee grounds, and HS: hazelnut skin. Pretreatment time exposure: 1, 3, 5 h.
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Table 3.4 – Chemical composition of raw and pretreated substrates expressed as ashes, full extractives, total lignin and structural sugars content. 

Substrate 
Pretreatment 

conditiona 

Lignocellulosic materials characterisation Total sugars composition 

Ashesb  

(%) 

Full 

extractivesb 

(%) 

Total 

ligninb,c  

(%) 

Total 

sugarsb,d 

(%) 

Glucanb  

(%) 

Xylanb  

(%) 

Mannanb 

(%) 

Arabinanb 

(%) 

Galactanb 

(%) 

Rhamnanb 

(%) 

HS 

A 2.71 ± 0.06 35.02 ± 0.02 39.66 ± 0.09 13.72 ± 0.08 10.15 ± 0.05 0.98  ± 0.01 0.29  ± 0.02 0.70  ± 0.01 0.91 ± 0.02 0.69  ± 0.00 

B 2.37 ± 0.10 29.87 ± 0.65 36.90 ± 0.38 14.80 ± 0.04 10.78 ± 0.01 1.06 ± 0.02 0.29 ± 0.02 0.82 ± 0.01 1.06 ± 0.01 0.79 ± 0.00 

C 2.35 ± 0.20 30.07 ± 0.65 35.95 ± 0.21 16.74 ± 0.04 12.23 ± 0.05 1.18 ± 0.07 0.32 ± 0.02 0.92 ± 0.02 1.22 ± 0.01 0.87 ± 0.06 

D 1.89 ± 0.07 31.03 ± 0.69 36.30 ± 0.72 14.04 ± 0.01 10.57 ± 0.07 1.00 ± 0.01 0.26 ± 0.02 0.66 ± 0.02 0.94 ± 0.02 0.61 ± 0.02 

E 1.51 ± 0.13 32.91 ± 0.17 36.04 ± 0.06 15.64 ± 0.12 11.80 ± 0.01 0.98 ± 0.04 0.28 ± 0.03 0.69 ± 0.00 1.07 ± 0.01 0.83 ± 0.05 

F 1.74 ± 0.06 29.44 ± 0.07 35.04 ± 0.39 15.79 ± 0.11 11.68 ± 0.03 1.14 ± 0.01 0.29 ± 0.00 0.76 ± 0.02 1.07 ± 0.03 0.85 ± 0.03 

G 1.98 ± 0.10 32.38 ± 0.59 34.73 ± 0.16 17.34 ± 0.03 13.06 ± 0.01 1.38 ± 0.02 0.39 ± 0.00 0.70 ± 0.02 1.05 ± 0.01 0.76 ± 0.01 

SCG 

A 1.69 ± 0.10 30.47 ± 0.83 20.31 ± 0.29 42.38 ± 0.04 8.77 ± 0.06 0.15 ± 0.01 23.14 ± 0.00 1.53 ± 0.01 8.79 ± 0.04 nde 

B 0.98 ± 0.15 25.67 ± 0.18 20.52 ± 0.11 45.68 ± 0.28 9.25 ± 0.04 0.14 ± 0.01 25.14 ± 0.12 1.64 ± 0.03 9.51 ± 0.10 nde 

C 0.96 ± 0.09 25.74 ± 0.07 19.22 ± 0.15 43.76 ± 0.08 8.86 ± 0.02 0.14 ± 0.00 24.25 ± 0.04 1.56 ± 0.00 8.94 ± 0.02 nde 

D 1.07 ± 0.19 26.34 ± 0.13 18.33 ± 0.38 46.81 ± 0.40 10.01 ± 0.04 0.16 ± 0.01 26.24 ± 0.25 1.46 ± 0.01 8.92 ± 0.09 nde 

E 0.65 ± 0.08 25.75 ± 0.45 19.30 ± 0.26 45.88 ± 0.15 9.36 ± 0.03 0.15 ± 0.03 24.96 ± 0.09 1.66 ± 0.01 9.74 ± 0.04 nde 

F 0.39 ± 0.01 24.55 ± 0.46 19.85 ± 0.17 46.83 ± 0.21 9.58 ± 0.01 0.15 ± 0.01 25.42 ± 0.23 1.70 ± 0.06 9.99 ± 0.03 nde 

G 0.70 ± 0.08 26.04 ± 0.87 20.38 ± 0.23 47.68 ± 0.15 10.05 ± 0.19 0.14 ± 0.02 25.81 ± 0.31 1.62 ± 0.01 10.07 ± 0.02 nde 

AS 

A 1.45 ± 0.04 7.78 ± 0.63 30.58 ± 0.13 45.20 ± 0.07 23.35 ± 0.18 19.74 ± 0.16 0.08 ± 0.01 0.66 ± 0.01 1.08 ± 0.03 0.30 ± 0.00 

B 0.48 ± 0.01 4.14 ± 0.15 33.67 ± 0.28 46.77 ± 0.36 24.63 ± 0.13 19.82 ± 0.14 0.09 ± 0.03 0.77 ± 0.03 1.19 ± 0.02 0.27 ± 0.01 

C 0.73 ± 0.05 4.26 ± 0.50 32.60 ± 0.36 46.46 ± 0.56 24.35 ± 0.19 19.72 ± 0.44 0.09 ± 0.00 0.80 ± 0.04 1.17 ± 0.02 0.32 ± 0.00 

D 0.48 ± 0.02 2.68 ± 0.18 31.80 ± 0.33 49.39 ± 0.12 25.69 ± 0.16 21.34 ± 0.19 0.10 ± 0.04 0.77 ± 0.05 1.18 ± 0.07 0.30 ± 0.00 

E 0.33 ± 0.00 3.96 ± 0.61 31.64 ± 0.12 49.48 ± 0.75 25.61 ± 0.24 21.67 ± 0.53 0.09 ± 0.01 0.66 ± 0.01 1.14 ± 0.01 0.31 ± 0.00 

F 0.47 ± 0.08 4.80 ± 0.20 33.56 ± 0.22 47.55 ± 0.44 25.05 ± 0.13 20.37 ± 0.60 0.17 ± 0.05 0.59 ± 0.01 1.08 ± 0.03 0.29 ± 0.01 

G 0.43 ± 0.12 3.78 ± 0.79 33.01 ± 0.46 47.84 ± 0.49 24.98 ± 0.09 21.02 ± 0.37 0.08 ± 0.01 0.49 ± 0.00 1.01 ± 0.02 0.26 ± 0.00 

a The pretreatment conditions are defined in Table 3.2. 
b Based on dry matter (g/100 g TS). 

c Total lignin is reported as the sum of Klason lignin and acid soluble lignin according to  Sluiter et al. (2008c). 
d Total sugars are obtained as the sum of glucan, xylan, mannan, arabinan, galactan, and rhamnan. 

e nd: not detected. 
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3.4.3 Effect of pretreatments on porosity and external surface area of lignocellulosic materials 

WSC was measured as a representative parameter of the LMs porosity, showing a significant 

difference among the three substrates (Table 3.5). HS resulted in the higher WSC, ranging from 

4.80 to 6.20 g H2O/g TS depending on the pretreatment conditions. Opposite, SCG and AS 

showed WSC values ranging from 2.76 to 3.41 g H2O/g TS and from 1.07 to 1.45 g H2O/g TS, 

respectively. Among the pretreatment conditions, no significant positive effect on WSC was 

observed for HS and AS (p > 0.05), while organosolv pretreatment under all conditions 

significantly increased the swelling capacity of SCG (p < 0.05) from 2.76 (± 0.06) up to 3.41 

(± 0.08) g H2O/g TS. 

Figure 3.5 shows the structure of the external surface area of raw (panel a, b and c) and 

pretreated LMs at 130 °C with catalyst addition (panel d, e and f) using SEM images. The 

breakdown of cell walls was evident for HS when comparing the SEM images before (Figure 

3.5a) and after (Figure 3.5d) the pretreatment, showing a major exposure of cellulosic fibers 

after pretreatment. Raw AS (Figure 3.5c) presented a series of vascular bundles, while 

pretreatment destroyed the original structure showing a craggy surface, with deep fissures 

(Figure 3.5f). On the other hand, organosolv pretreatment slightly affected the external surface 

of SCG (Figure 3.5b and e) but mainly kept the original compact structure, in contrast with 

what was observed for pretreated HS. 

 

Figure 3.5 – Scanning electron microscopic images of untreated and pretreated materials at 130 °C with catalyst 

addition: (a) raw AS, (b) raw SCG, (c) raw HS, (d) pretreated AS, (e) pretreated SCG, (f) pretreated HS.  
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Table 3.5 – Water swelling capacity and statistical comparison of raw and pretreated LMs. 

Substrate 
Pretreatment 

conditiona 

Water swelling 

capacity 

(g H2O/g TS) 

Statistical 

informationb 

HS 

A 5.53 ± 0.49 ab 

B 5.34 ± 0.65 ab 

C 5.31 ± 0.25 ab 

D 6.20 ± 0.69 a 

E 5.28 ± 0.44 ab 

F 4.81 ± 0.30 ab 

G 4.80 ± 0.52 b 

SCG 

A 2.76 ± 0.06 d 

B 3.07 ± 0.06 b 

C 3.41 ± 0.08 a 

D 3.04 ± 0.04 b 

E 2.87 ± 0.03 cd 

F 2.96 ± 0.09 bc 

G 3.05 ± 0.01 b 

AS 

A 1.40 ± 0.10 a 

B 1.45 ± 0.07 a 

C 1.14 ± 0.08 bc 

D 1.07 ± 0.06 c 

E 1.30 ± 0.02 ab 

F 1.13 ± 0.03 bc 

G 1.30 ± 0.14 abc 

a The pretreatment conditions are defined in Table 3.2. 
b The same letter represents no significant differences (p > 0.05) with the compared condition. 

3.4.4 Modified Gompertz model fitting of the experimental data 

The modified Gompertz model was applied to fit the experimental methane production obtained 

from raw and pretreated SCG and HS (Figure 3.6), which achieved a significantly higher biogas 

production than that observed in the substrate-free controls. On the contrary, no fitting was 

achieved when AS was used as a substrate for AD, due to the low and fluctuating methane 

production. 

Two stages of methane production were identified, with 12 days (tb) being the crossover point 

for all the substrates except for raw HS, where tb was 20 days. Table 3.6 shows that all 

pretreatment conditions considerably increased the rate of methane production (Rm) from HS 

for both the first and second stages. Besides, the catalyst addition reduced the lag phase λ1 from 

2 - 3 days to less than 1 day, as well as λ2, with the distinction of the two stages being less 

noticeable with the increase in pretreatment temperature and the use of catalyst. 
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With regards to SCG, the pretreatments at 160 and 200 °C with catalyst addition showed a 

reduction of the rate Rm1 in the first stage and an increase of Rm2, compared to the raw SCG. In 

any case, the catalyst addition had a positive effect on the lag phase λ. 

Table 3.6 – Parameters obtained by modelling the experimental data of HS and SCF from Figure 3.2 with the 

modified Gompertz model. No fitting was achieved when AS was used as a substrate for AD. 

Substrate 
Pretreatment 

conditiona 

tb
b

   

(d) 

Stage 1 Stage 2 

RSQe Rm1
c                  

(mL CH4/g VS∙d) 

λ1
d 

(d) 

Rm2
c                

(mL CH4/g VS∙d) 

λ2
d 

(d) 

HS 

A 20 0.98 2.4 0.65 12.6 0.9951 

B 12 12.51 2.5 9.22 3.9 0.9999 

C 12 12.26 2.6 11.04 3.0 0.9994 

D 12 9.82 1.8 11.01 4.1 0.9999 

E 12 12.80 0.8 9.34 0.0 0.9972 

F 12 6.90 0.0 10.04 0.8 0.9977 

G 12 8.60 0.7 9.16 0.5 0.9973 

SCG 

A 12 20.70 0.8 7.54 0.5 0.9991 

B 12 11.17 1.6 5.54 4.2 0.9991 

C 12 20.98 1.5 5.75 2.3 0.9989 

D 12 20.47 1.4 6.30 2.0 0.9991 

E 12 16.30 0.5 7.61 1.3 0.9986 

F 12 14.43 0.4 10.72 1.6 0.9984 

G 12 13.65 0.5 10.74 2.0 0.9986 

a The pretreatment conditions are defined in Table 3.2. 
b tb identifies the crossover point between the two stages of the AD process. 
c Rm1 and Rm2 are the maximum methane production rates of the two stages. 

d λ1 and λ2 are the lag phases of stage 1 and stage 2, respectively. 
e RSQ is the Excel function used to measure the correlation between experimental and model data. 
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Figure 3.6 – Fitting of the experimental methane production values from hazelnut skin (a, b, c) and spent coffee 

grounds (d, e, f), raw ( ) and treated at 130 °C ( ), 130 °C with the catalyst ( ), 160 °C ( ), 160 °C with the 

catalyst ( ), 200 °C ( ), and 200 °C with the catalyst ( ), by a modified Gompertz model. The dashed line 

identifies the crossover point tb between the two stages of methane production. No fitting was achieved when AS 

was used as a substrate for AD. 

3.5 Discussion 

3.5.1 Effect of organosolv pretreatment on the AD process of the three LMs  

This study showed for the first time the effect of methanol as an organic solvent for the 

pretreatment of HS, SCG, and AS. Several studies investigated the efficiency of organosolv 

pretreatment to enhance biogas production, with BMP improvement being associated with 

lignin removal and an increase in the availability of polysaccharides (Table 3.7). Most of the 
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previous studies on organosolv used ethanol as a solvent (Mirmohamadsadeghi et al., 2014; 

Ostovareh et al., 2015; Tongbuekeaw et al., 2020). However, to the best of the authors’ 

knowledge, only Kabir et al. (2015) investigated the methanol-organosolv pretreatment to 

enhance methane production from LMs. That study compared the effects of the most employed 

organic solvents on forestry residues, with and without catalyst addition, showing that 

catalysed-methanol pretreatment was the most performing and cost-effective alternative, with 

a recovery rate of the solvent up to 98.2% (Kabir et al., 2015).  

The BMP tests clearly showed the effectiveness of methanol-organosolv pretreatment on HS 

(Table 3.3). On the contrary, no remarkable positive effect of pretreatment on cumulative biogas 

production was observed for SCG and AS (Table 3.3). In particular, the highest methane yield 

from HS (310.6 mL CH4/g VS) was obtained with the HS pretreated with the catalyst at the 

lowest temperature, achieving 50.6% of the theoretical methane yield calculated from the 

elemental composition of the raw substrate. On the other hand, the BMP of raw HS only 

represents 2.8% of the theoretical methane yield. The catalyst addition during the pretreatment 

at 130 °C resulted in a significant benefit for the AD of HS by increasing the methane 

production of 20% compared with the catalyst-free pretreated HS. The benefit of catalyst 

addition is reduced by increasing the pretreatment temperature. Previous studies showed a 

similar synergy between catalyst and pretreatment temperature, regardless of the organic 

solvent employed (Hesami et al., 2015; Ostovareh et al., 2015). At high temperatures, LMs self-

catalyse the pretreatment by releasing acids (Zhou et al., 2018). Instead, when a lower 

temperature pretreatment is performed, external catalyst addition is required to optimise the 

cost-benefit balance and reduce the energy consumption during pretreatment (Zhou et al., 

2018). Moreover, the catalyst addition during the pretreatment is reported to be particularly 

beneficial in terms of methane production when methanol and isopropanol are used as organic 

solvents, being less advantageous in combination with ethanol and acetic acid (Hesami et al., 

2015; Kabir et al., 2015; Ostovareh et al., 2015).  

Figure 3.6 shows the evolution of the methane production for both raw and pretreated SCG and 

HS according to the modified Gompertz model, by which the biogas production rate is 

proportional to the microbial activity (Altaş, 2009). Two stages of digestion can be identified: 

the first stage within the first 12 days, in which the easily degradable materials are digested, 

and a second phase, where the less readily and more recalcitrant materials start to be degraded. 

This was particularly observed in catalyst-free conditions, where the double “S” shape methane 
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production profile is more evident (Figure 3.6). A similar pattern was previously observed by 

Rincón et al. (2013) during the AD of two-phase olive mill solid waste and by Pellera and 

Gidarakos (2016) for different agroindustrial wastes. In the present study, the crossover point 

was less noticeable when sulfuric acid was used as a catalyst during the pretreatment, resulting 

in a reduction of the lag phases, especially in the case of treated HS. The catalyst addition is 

reported to be the most important factor for both lignin fractionation and hemicellulose 

hydrolysis during pretreatment (Ferreira and Taherzadeh, 2020). With regards to SCG, the 

pretreatment lowered the methane production rate of the first stage but enabled a more efficient 

use of the more recalcitrant materials, resulting in a higher rate of methane production in the 

second stage, when SCG was pretreated at 160 and 200 °C with the catalyst (Table 3.6). 

Interestingly, the methane production from raw HS obtained in the present study was 

considerably different to that reported by Mancini et al. (2018a), who observed a much higher 

methane yield (261 mL CH4/g VS) for raw HS, with organosolv pretreatment being only 

slightly effective on HS. The different effectiveness of pretreatment on HS can be ascribed to 

the use of a different organic solvent. Methanol is reported to be a better solvent for lignin, 

compared to ethanol (Sameni et al., 2017). On the other hand, the difference in methane 

production from raw HS is most likely attributed to the use of a different inoculum, which was 

a digestate from buffalo manure and dairy factory in the work of Mancini et al. (2018a). This 

hypothesis is supported by the study of Gu et al. (2014), in which a digestate from dairy manure 

was significantly more efficient than anaerobic granular sludge to promote the AD of untreated 

rice straw. The use of granular sludge, together with the limited mixing, likely led to a scarce 

contact between the solid substrates and the methanogenic population (McHugh et al., 2003). 

The intimate contact between the cellulose and cellulase enzymes is one of the most critical 

factors affecting the enzymatic hydrolysis yield and rate, with particle size being responsible 

for the external accessible surface area (Meng and Ragauskas, 2014). This may explain the low 

BMP observed for AS and raw HS. On the other hand, although pretreatment was not effective, 

the AD of raw SCG allowed a high cumulative methane yield (293.4 mL CH4/g VS) in line 

with previous studies (Girotto et al., 2018; Kim et al., 2017) and corresponding to the 51.2% of 

the maximum theoretical methane yield.  
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Table 3.7 – Comparison of methane yield enhancement by organosolv pretreatment on different LMs reported by various studies. 

Substrate 

Raw – pretreated composition  
Organosolv 

pretreatment  

Optimal conditions 
Methane production  

Reference 
(mL CH4/g VS) 

Cellulosea 

(%) 

Hemicellulosea 

(%) 

Lignina 

(%) 

S/La  

(g/g) 

T 

(°C) 

Solvent 

(%) 

t  

(h) 

Raw – 

pretreated 

Increment 

(%) 

Sugarcane bagasse 47.6 – 60.9 22.6 – 28.9 27.6 – 14.0 Ethanol-Ammonia 1:14 70 25-10 12 106 – 249 135 Hashemi et al., 2019  

Rice straw 28.6 – 32.0 19.5 – 16.0 17.3 – 14.1 

Ethanol 1:10 

180 

50 1 

235 – 332 41 

Mancini et al., 2018a  Hazelnut skin 11.4 – 12.5 5.9 – 4.7 34.4 – 32.5 180 261 – 288 10 

Cocoa bean shell 13.5 – 15.0 7.0 – 5.8 29.9 – 26.3 180 231 – 219 -5 

Wheat straw 31 – 36.3 18.4 – 9.4 18.3 – 15.8 Ethanol 1:10 180 50 1 274 – 316 15 Mancini et al., 2018b  

Elm hardwood 46.4 – 58.1 26.3 – 21.3 26.2 – 19.1 

Ethanol (Catalyst) 1:8 

180 

75 

1 54c – 94c 73 
Mirmohamadsadeghi 

et al., 2014  
Pine softwood 44.5 – 51.3 28.0 – 20.2 26.8 – 27.8 150 0.5 39c – 71c 84 

Rice straw 21.5 – 28.7 50.1 – 45.3 17.1 – 13.4 150 1 116c – 153c 32 

Forest residues 

22.3 – 43.1 20.0 – 11.5 44.7 – 40.7 Ethanol (Catalyst) 

1:10 190 50 1 

50 – 190 280 

Kabir et al., 2015  22.3 – 35.2 20.0 – 17.2 44.7 – 43.0 Methanol (Catalyst) 50 – 210 320 

22.3 – 31.2 20.0 – 15.5 44.7 – 42.1 Acetic Acid 50 – 200 300 

Sunflower stalks 34.1 – 59.6 26.2 – 17.6 26.8 – 21.2 
Isopropanol 

(Catalyst) 
1:10 160 50 0.5 124 – 278 124 Hesami et al., 2015  

Sorghum stalks 35.5 – 40.2 17.3 – 14.9 15.5 – 11.6 Ethanol 1:10 160 50 0.5 75 – 155 106 
Ostovareh et al., 

2015  

Rubberwood waste 43.6 – 68.1 8.3 – 5.2 31.0 – 8.1 Ethanol 1:10 210 75 N/Ad 59 – 166 179 
Tongbuekeaw et al., 

2020 

Hazelnut skin 10.2 – 11.8 3.6 – 3.8 39.7 – 36.0 Methanol 

1:10 

200 

50 1 

17 – 311 1729 

This study 
Spent coffee 

grounds 
8.8 – 10.1 33.6 – 37.6 20.3 – 20.4 Methanol (Catalyst) 200 293 – 323 10 

Almond shell 23.4 – 25.7 21.9 – 23.7 30.6 – 31.8 Methanol (Catalyst) 130 23 – 25 9 

a Based on dry matter (g/100 g TS). 
b  S/L stands for solid to liquid ratio. 

c Mirmohamadsadeghi et al. (2014) reported the methane production potential as mL CH4/g carbohydrates. 
d N/A: not available. 
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3.5.2 Change of LMs composition by methanol pretreatment 

HS, SCG, and AS largely differ in their composition (Table 3.4). HS is particularly rich in lignin 

(40%) but lacks in polysaccharides (14%), similarly to what was reported by Mancini et al. 

(2018a). The AS composition is balanced in glucose (23%), xylose (20%), and lignin (31%) as 

elsewhere observed (Queirós et al., 2020). The chemical composition of SCG reported in the 

literature is more variable, with a lignin content ranging from 20 to 30% and a cellulose and 

hemicellulose content of 10 and 30 - 40%, respectively (Kovalcik et al., 2018). However, some 

studies reported a lower lignin content for SCG (Girotto et al., 2018; Mata et al., 2018). This 

study showed SCG as a hemicellulose-rich material (34%), with cellulose and lignin being 9 

and 20% of the dry matter, respectively. The variation in chemical composition might be 

attributed to the different origin of the coffee beans, and different processing during the 

production of coffee grounds (Kovalcik et al., 2018).  

The main aim of organosolv pretreatment is lignin removal (Ferreira and Taherzadeh, 2020). 

Given this, a positive effect was expected for AS and HS, both particularly rich in lignin. 

Despite this, only the HS composition significantly changed due to the pretreatment, showing 

a lignin decrease and increase in total sugar content (Table 3.4 and Figure 3.4). Lignin is 

considered the most relevant factor for LMs recalcitrance (Ferreira and Taherzadeh, 2020), and 

lignin removal showed a positive effect on the methane yield in several studies on different 

LMs (Mancini et al., 2018a; Mirmohamadsadeghi et al., 2014; Ostovareh et al., 2015).  

The ineffectiveness of organosolv pretreatment on SCG is most likely attributed to the loss of 

non-structural compounds during the pretreatment and subsequent washing steps (Table 3.4). 

These compounds include free sugars, such as sucrose, glucose, and fructose, which are 

excellent substrates for biofuel production through fermentation pathways (Ostovareh et al., 

2015). However, the catalyst addition and a higher pretreatment temperature allowed to 

compensate for this loss by increasing the structural sugar bioavailability. This is supported by 

the fact that methane production from pretreated SCG increased with the severity of 

pretreatment, from 175.8 up to 322.9 mL CH4/g VS. Nevertheless, the pretreatment was not 

effective enough to significantly balance this loss.  

None of the pretreatment conditions had a positive effect on the cumulative methane production 

from AS, likely due to the hard structure of the substrate, which should be tackled by a different 

pretreatment. In particular, the authors hint to explore a pretreatment that can be performed for 

longer, without the risk of losing the biodegradable sugars. In this perspective, the ionic liquid 
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is suggested as an alternative to the organosolv pretreatment tested in the present study. The 

ionic liquid pretreatment duration ranges from 1 and 24 hours (Halder et al., 2019), which is 

expected to be sufficient for a complete soaking of the AS. This pretreatment acts directly on 

the cellulosic part of the LMs, by decreasing the crystallinity index and swelling up the 

cellulose, reducing the risk of losing biodegradable substances as a result of the longer duration 

of the pretreatment (Halder et al., 2019). 

Besides, the compositional analysis highlights the potential of HS and SCG for a deeper 

biorefinery approach, using a preliminary extraction step to remove the non-structural 

compounds. HS and SCG are extremely extractives-rich materials, with organosolv 

pretreatment able to remove only a maximum of 24 and 19% of them, respectively (Table 3.4 

and Figure 3.4 ). The extractives are defined as non-bound substances, soluble in water or 

ethanol, mainly composed of non-structural sugars, proteins, fats, chlorophyll, and waxes 

(Karimi and Taherzadeh, 2016; Sluiter et al., 2008d). The early separation of these substances 

provides the dual advantage of recovered valuable compounds and removal of inhibitors for the 

AD process. Non-structural compounds such as cell wall proteins, pectin, and lipids are also 

involved in the recalcitrance of LMs. Their degradation results in the accumulation of ammonia 

and long-chain fatty acids, which are inhibitors of the microorganisms involved in the AD 

(Chen et al., 2008; Xu et al., 2019). 

3.5.3 Impact of the pretreatment on LMs structure and water swelling capacity  

WSC is defined as the amount of water retained by the biomass with no external force 

application. Water contributes to increasing the accessible surface area, but also affects 

cellulose crystallinity and lignin bonds, solubilises part of the hemicellulose, and promotes the 

hydrolysis step (Sanchez et al., 2019). The ineffectiveness of pretreatment on AS and SCG 

might be attributed to the low porosity of these materials.  

The WSC was 1.45 and 2.76 g H2O/g TS, respectively, for raw AS and SCG, while it was 5.53 

g H2O/g TS for raw HS (Table 3.5). A low WSC shows a low capacity of the substrates to retain 

water molecules in the cell wall pores, thus indicating that also solvents have difficulty in 

penetrating the material. The WSC is used as an indicator of the interior accessible surface area 

for enzymatic hydrolysis, based on the principle that no enzymes can enter the pores of LMs if 

water cannot (Mancini et al., 2018a). Thus, the lower accessible surface area might explain the 

ineffectiveness of a solvent-based pretreatment on AS and SCG, due to a low substrate-solvent 

contact. The lack of contact might be overcomed by combining a pre-milling step to the 
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organosolv pretreatment to increase the accessible surface area of the AS. Alternatively, a more 

intrusive pretreatment, such as steam explosion, might be considered on AS to penetrate its hard 

external surface. Despite steam explosion often leads to sugar loss into the liquor, it is capable 

of disrupting the cell wall structure of agricultural residues (Amin et al., 2017). On the other 

hand, the already small particle size of SCG suggests to use an alternative pretreatment, such 

as e.g., ionic liquid that is reported to be effective on cellulose swelling up (Jeihanipour et al., 

2010).   

To the best of the authors’ knowledge, the WSC prior to and after pretreatment has never been 

reported for HS, SCG, and AS. Sanchez et al. (2019) studied the hydration of different straws 

and bagasses, reporting WSC values ranging between 4 and 10 (g H2O/g TS). The experimental 

procedure for WSC determination is often missing details, which makes comparison between 

different works difficult. Despite this, a study on high-crystalline cellulose revealed the relation 

between porosity and methane production, showing that the BMP was proportional to the WSC 

of the cellulose (Jeihanipour et al., 2010). However, in this study, no correlation was observed 

between WSC and methane production, most likely due to the low cellulose content of the three 

LMs. 

SEM analysis showed the strong and dense external surface of raw AS (Figure 3.5c), in contrast 

with raw SCG (Figure 3.5b) and raw HS (Figure 3.5a). The methanol-organosolv pretreatment 

drastically affected the surface of HS (Figure 3.5a-d) by exposing the cellulose fibers, as 

similarly observed by Papirio (2020) who treated the same material with a 1.6% (w/w) NaOH 

solution. The external surface of pretreated SCG (Figure 3.5e) appeared weaker and softer than 

the raw material after the pretreatment (Figure 3.5b). In the case for AS, the pretreatment 

seemingly destroyed the original external pores (Figure 3.5c), with the treated samples 

exhibiting more fragile bundles and a higher accessible surface (Figure 3.5f). However, the 

changes in AS structure after pretreatment were still not enough to improve the methane 

production. The organosolv pretreatment has been reported to be effective on several LMs by 

causing lignin disruption and an increase of the available surface area (Ebrahimi et al., 2017; 

Hesami et al., 2015; Ostovareh et al., 2015). The increased accessible surface, together with the 

higher porosity and lignin content reduction, leads to an easier digestibility and subsequent 

enhanced methane production (Xu et al., 2019). In this study, the methanol-organosolv 

pretreatment disrupted the linkages between cellulose, hemicellulose, and lignin of HS (Fig 

3.5d), exposing the cellulose fibers to the enzymatic attack. The increased cellulose 
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bioavailability, coupled to the partial removal of lignin and extractives, led to a significant (p < 

0.05) increment of the BMP from HS.  

Apart from the lack of major changes in the AS chemical composition and porosity after the 

pretreatment here used, the recalcitrance of AS also largely depends on the material processing 

in the production process of almonds before being discarded. While both SCG and HS are 

roasted during the production chain, AS remains a raw material. Oliveros et al. (2017) studied 

the effects of the roasting process on coffee beans, showing an increase of the void fraction 

from 9.88 to 34.24%, compared to the unroasted beans. Those authors noticed that the volume 

of the coffee beans increased up to 1.8 times, with the SEM images showing a more fragile 

material after roasting. The increase in pore volume during the roasting process was also 

confirmed by Perren and Escher (2013) in their study on nuts quality, including almonds and 

hazelnuts. Overall, the low porosity (Table 3.5) and compact external surface area (Figure 3.5c-

f), coupled with the particle size of AS (1 - 2.5 mm), justify the low BMP of AS as substrate, 

both raw and pretreated (Table 3.3).  

3.5.4 Energy assessment and waste stream management 

The energy balance assessment showed that only the HS pretreatment led to a positive energy 

balance (Table 3.3), due to the low improvement in methane production obtained by treating 

SCG and AS. The optimal net heat energy gain was achieved by treating HS at 130 °C with 

catalyst addition, resulting in an energy production of 1.46 kWh/kg VS. Despite the 

pretreatment temperature did not show a particular effectiveness on the methane production 

itself, it is an important factor in keeping the energy consumption low. The pretreatment energy 

demand was reduced from 1.19 to 0.71 kWh/kg VS of HS by reducing the pretreatment 

temperature from 200 to 130 °C. However, several authors include heat recovery by heat 

exchangers in the energy assessment. The recoverable energy is widely assumed to be 85% of 

the energy consumption (Yuan et al., 2019). Considering the heat recovery, the effective energy 

recovery (ER, eff) of the process achieves a positive value of 1.35 kWh/kg VS under the 

pretreatment condition at 130 °C, which maximised the methane production from HS. Finally, 

to take into account the difference between laboratory and real scale, a scale-up factor of 0.85 

can be applied to adjust the final cumulative methane production value (Alonso-Fariñas et al., 

2020). 

The recycling and utilisation of the spent liquid waste stream after pretreatment are required to 

further improve the assessment of cost effectiveness of the entire process chain and to close the 
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energy loop of organosolv pretreatment. In this perspective, the optimisation of the S/L ratio 

during the pretreatment might offset the processing costs by reducing the amount of waste and 

producing a liquid stream richer in valuable compounds (Ferreira and Taherzadeh, 2020). 

Unlike other solvents (i.e. ionic liquids, sodium hydroxide, and sodium carbonate), organic 

solvents do not generally create inhibition during the AD process if present in moderate 

concentrations, since they are intermediates of the process, or useable by methanogens for 

methane production (Kabir et al., 2015; Mancini et al., 2016b). This results in a low water 

volume to use in the washing step of the pretreated materials, which, together with the easy 

solvent recovery by evaporation, makes the organosolv pretreatment more cost-effective 

compared to other chemical pretreatments (Kabir et al., 2015). Besides, methanol has been 

successfully tested as an electron donor for several environmental technological applications, 

such as denitrification (Di Capua et al., 2019) and selenate bioreduction (Eregowda et al., 2019), 

offering an alternative use to the organosolv pretreated waste stream. 

3.6 Conclusion 

Methanol-organosolv pretreatment is an effective technique for enhancing the AD of HS, 

attaining an 18-fold increase in methane production compared to the untreated material. The 

lignocellulosic compositional analysis on HS showed a reduction of the lignin content from 

35.0 to 29.4%. In particular, the lowest pretreatment temperature and the addition of catalyst 

resulted in the highest methane production from HS (310.6 mL CH4/g VS). An energy-saving 

of about 62% can be achieved by lowering the pretreatment temperature from 200 to 130 °C. 

For SCG and AS, no significant improvement in methane production was observed under all 

pretreatment conditions investigated, most likely due to the lower porosity of the raw substrate 

and loss of non-structural compounds during the washing steps. 
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Chapter 4  

Use of N-Methylmorpholine N-Oxide (NMMO) pretreatment to enhance the 

bioconversion of lignocellulosic materials to methane 

A modified version of this chapter has been submitted for publication in Biomass Conversion 

and Biorefinery journal. 
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Abstract 

Lignocellulosic materials (LMs) are one of the most abundant wastes produced worldwide. 

Nevertheless, unlocking the full energy potential from LMs for biofuel production is limited by 

their complex structure. This study investigated the effect of N-Methylmorpholine N-oxide 

(NMMO) pretreatment on almond shell (AS), spent coffee grounds (SCG), and hazelnut skin 

(HS) to improve their bioconversion to methane. The pretreatment was performed using a 73% 

NMMO solution heated at 120 °C for 1, 3, and 5 h. The baseline methane productions achieved 

from raw AS, SCG, and HS were 54.7 (± 5.3), 337.4 (± 16.5), and 265.4 (± 10.4) mL CH4/g 

VS, respectively. The NMMO pretreatment enhanced the methane production potential of AS 

up to 58%, despite no changes in chemical composition and external surface were observed 

after pretreatment. Opposite to this, pretreated SCG showed increased porosity (up to 63%) and 

a higher sugar percentage (up to 27%) after pretreatment despite failing to increase methane 

production. All pretreatment conditions were effective on HS, achieving the highest methane 

production of 400.4 (± 9.5) mL CH4/g VS after 5 h pretreatment. The enhanced methane 

production was due to the increased sugar percentage (up to 112%), lignin removal (up to 29%), 

and loss of inhibitory compounds during the pretreatment. An energy assessment revealed that 

the NMMO pretreatment is an attractive technology to be implemented on an industrial scale 

for energy recovery from HS residues. 
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4.1 Introduction  

Anaerobic digestion (AD) is one of the most employed and successful strategies for biofuel 

production (Bianco et al., 2021a). The gaseous output of AD is biogas, a gas mixture mainly 

composed of carbon dioxide and methane that can be used for several applications depending 

on the purity and volume (Kapoor et al., 2020). The biogas produced has the advantage of being 

re-used on-site to maintain the digester temperature, as well as to ensure the energy self-

sufficiency of the entire AD plant (Li et al., 2019).  

Several substrates are employed for AD, including lignocellulosic materials (LMs). LMs 

mainly originate from farming crops, land management, agricultural and municipal activities, 

but also confectionery industry and commercial activities, such as bars and cafés (Battista et 

al., 2016; Lama et al., 2021b; Mancini et al., 2018a). These biomasses types generate disposal 

and management issues, impacting rural and urban areas (Lama et al., 2021a; Roy et al., 2021). 

Being among the most abundant wastes worldwide (Zoghlami and Paës, 2019) and due to their 

low supply cost (Lee and Park, 2020), LMs are highly favourable for bioenergy generation, 

with an estimated energy potential of 30 EJ per year (Dahunsi and Enyinnaya, 2019). However, 

the complex LM structure, mainly composed of cellulose, hemicellulose, and lignin, makes 

them often ill-suited for AD (Xu et al., 2019). For this reason, pretreatments are frequently 

employed to enhance the hydrolysis of cellulose and hemicellulose sugars, allowing a more 

profitable AD (Haldar and Purkait, 2021). 

Among several LMs, nut residues are attracting the attention of many researchers due to their 

huge output and potential for biofuel production (Maestri et al., 2020). Global tree nut 

production has steadily increased in the last decade, reaching over 5.3 million metric tons in the 

harvesting season 2020/2021 (International Nut and Dried Fruit Council Foundation, 2021). 

The top producing countries are the USA, Turkey, and China, but nuts are exported all over the 

world, both shelled and unshelled. In particular, European countries cover over 30% of the 

global nuts consumption. The tree nut supply value rises year by year, reaching a value of 38.8 

billion dollars in the 2020/2021 season (International Nut and Dried Fruit Council Foundation, 

2021). However, the tree nut network also generates millions of tons of residues, causing 

environmental and disposal problems (Sharma et al., 2020). Indeed, most of the nut residues 

are nowadays still landfilled or incinerated (Sharma et al., 2020), losing significant amounts of 

high organic content to be alternatively valorised (Shen et al., 2018). Apart from nuts, the coffee 

production chain is also attractive for residue valorisation via AD (Ballesteros et al., 2014). In 
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particular, spent coffee grounds, representing the final waste produced during coffee 

production/consumption, is an opportunity for AD, with over 6 million tons of wastes produced 

every year (Ballesteros et al., 2014). 

This study aims to investigate (i) the AD process and methane production potential of three raw 

LMs, i.e. almond shell (AS), spent coffee grounds (SCG), and hazelnut skin (HS) and (ii) the 

effect of N-Methylmorpholine N-oxide (NMMO) pretreatment on the LMs looking at the 

impact on both chemical composition and biochemical methane potential (BMP). NMMO is an 

organic solvent able to modify the cellulosic part of the biomass after being mixed with the 

LMs and heated at 90 - 130 °C (Satari et al., 2019). The effect on cellulose depends on the 

NMMO concentration, with cellulose fibres swelling up by creating balloons when increasing 

the NMMO concentration (Jeihanipour et al., 2010). The presence of swelled fibres enhances 

the biomass porosity, which is one of the most relevant factors for efficient anaerobic digestion, 

being an index of the accessible surface area for microbial attack (Oliva et al., 2022). When 

using 79% NMMO purity, the cellulose dissolution inside balloons occurs until the balloons 

break out, releasing the dissolved cellulose when the NMMO concentration exceeds 85% 

(Cuissinat and Navard, 2006). The dissolved cellulose can be regenerated by adding boiling 

water as an anti-solvent, obtaining a cellulose-rich material, with lower crystallinity and higher 

porosity (Mancini et al., 2016a). While 85% NMMO pretreatment leads to a lower degree of 

cellulose crystallinity, swelling (73%) and ballooning (79%) modes are more efficient in 

increasing the porosity of the cellulose (Jeihanipour et al., 2010). On the other hand, 

pretreatments with NMMO at concentrations lower than 70% are less effective on the cellulose 

swelling (Cuissinat and Navard, 2006). 

A few studies investigated NMMO pretreatment to enhance the biodegradability of LMs, 

mainly focusing on straws and forest residues. However, the growing demand for alternative 

sources of (bio)energy triggers the exploration of untapped organic substrates, such as nut and 

coffee residues. Contrary to the most studied LMs, these substrates show higher lignin content 

and richness in non-structural compounds. The difference in chemical composition can result 

in different AD performance and effectiveness of pretreatment. In addition, most previous 

studies investigated the effect of NMMO at 85% concentration (Cheng et al., 2017; Kabir et al., 

2014; Mancini et al., 2016b). However, a lower NMMO concentration not only allows a greater 

swelling of the cellulose fibres but can also reduce the overall costs of the pretreatment by 

decreasing the NMMO amount required for the process. Therefore, the present study focused 
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on investigating the efficiency of a low-NMMO concentration (i.e. 73%) pretreatment on the 

methane production from AS, SCG, and HS compared to the baseline performance, varying the 

pretreatment time from 1 to 3 and 5 h. The correlation between the BMP, chemical composition, 

and physical characteristics of the substrate was discussed. The kinetics of the AD process were 

studied by fitting the experimental data with a modified Gompertz model. An energy gain 

assessment was carried out to validate the viability of the NMMO pretreatment on a larger scale. 

Furthermore, economic, energetic and environmental aspects are discussed in the perspective 

of implementing the NMMO technology on an industrial scale. 

4.2 Materials and methods 

4.2.1 Substrate and inoculum 

Three LMs were used as substrates for AD, i.e. AS, SCG, and HS. The substrates were collected 

and prepared for AD as previously described by Oliva et al. (2021). HS and AS were cut down 

and sieved to select a particle size between 1 and 2.5 mm. The three substrates were stored in 

plastic bags at 4 °C prior to being pretreated or directly used in the AD experiments. The 

inoculum used as a source of microorganisms was a digestate from buffalo manure (DBM) 

obtained from a full-scale AD plant located in Eboli (Italy). The characterisation of the raw 

LMs and inoculum in terms of total (TS) and volatile solid (VS) is reported in Table 4.1. The 

DBM was characterised in detail in previous studies, where the same inoculum was used 

(Bianco et al., 2020a; Papirio, 2020). 

Table 4.1 – Total (TS) and volatile (VS) solid of raw substrates, i.e. almond shell (AS), spent coffee grounds 

(SCG), hazelnut skin (HS), and inoculum, i.e. digestate from buffalo manure (DBM). 

 AS SCG HS DBM 

TS a (%) 89.6 ± 0.1 87.4 ± 0.6 89.2 ± 0.3 4.8 ± 0.1 

VS a (%) 88.1 ± 0.3 85.8 ± 0.5 86.6 ± 0.3 2.9 ± 0.0 

VS/TS (g/g) 0.98 0.98 0.97 0.6 

aTS and VS are based on g/100 g wet matter. 

4.2.2 N-Methylmorpholine N-oxide pretreatment 

The NMMO pretreatment was performed by mixing 30 g of each substrate with 300 g of 73% 

(w/w) NMMO solution in 1000 mL Erlenmeyer flasks, keeping a substrate to solvent ratio of 

1:10 (w/w) (Mancini et al., 2016b). The 73% NMMO solution was obtained by concentrating 

the commercial 50% (w/w) NMMO (Sigma-Aldrich, St. Louis, USA) using a R210/R215 rotary 

evaporator (Büchi, Flawil, Switzerland). The flasks containing the mixture LMs-NMMO were 
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heated and kept at 120 °C for 1, 3, and 5 h using an ONE22 oil bath (Memmert, Schwabach, 

Germany). Propyl gallate (ACROS organics, Dublin, Ireland) was added before heating the 

mixture to avert the oxidation of NMMO during the pretreatment (Mancini et al., 2016b). The 

mixing was done manually every 10 min using a glass stirring rod. After the pretreatment, 

boiling deionised water was added as an anti-solvent to break the reaction (Satari et al., 2019). 

The solid residues were placed in a textile cloth and washed with abundant boiling deionised 

water till a clear filtrate was obtained. The pretreated LMs were dried at 40 °C before 

undergoing AD. 

4.2.3 BMP tests and calculation of biogas production 

BMP batch tests were performed under mesophilic (37 ±1 °C) conditions in 250 mL serum 

glass bottles (OCHS, Bovenden, Germany). Each bottle was loaded with 1.5 g VS from DBM 

and 1 g VS from raw or pretreated AS, SCG, or HS. Demineralised water was added to adjust 

the final working volume to 150 mL, leaving 100 mL as headspace volume for the biogas 

accumulation. The final solids content of the AD process was 2.3% TS. Control biochemical 

tests were simultaneously carried out to evaluate the methane production obtained from the 

inoculum only. Each bottle was flushed for 2 min with argon gas (flow rate of 5 L/min) to 

ensure anaerobic conditions and then left at atmospheric pressure. All the experiments were 

performed in triplicate, and the bottles were shaken manually once per day.  

The biogas production was quantified by measuring the pressure difference of the headspace 

volume between two sampling points using a Leo 1 pressure reader (Keller, Winterthur, 

Switzerland). The pressure value was then converted into volume following the ideal gas law 

(W. Li et al., 2018). The carbon dioxide and methane content were evaluated through an 

Einhorn saccharometer (Glass studio, Naples, Italy), filled with 12% NaOH solution and 

thymolphthalein (Sigma-Aldrich, St. Louis, USA) as pH indicator (Yazdani et al., 2019; 

Zeynali et al., 2017). The net cumulative methane production achieved from the AD of raw and 

NMMO pretreated LMs was calculated as the average of the biological triplicates after 

subtracting the methane production of the controls. The methane production was recorded 

regularly until the daily accumulation in all bottles was below 1% of the cumulative methane 

production (Holliger et al., 2016). 

4.2.4 Analytical methods 

TS and VS of raw and pretreated LMs as well as of the inoculum and the final digestate were 

determined as described by Sluiter at al. (2008a, 2008b), using a TCN115 convection oven 
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(Argo Lab, Carpi, Italy) and a BWF 11/13 muffle furnace (Carbolite, Sheffield, UK), 

respectively. VS degradation during AD was estimated by comparing the initial and final VS 

content measured for each bottle. 

The water retention capacity (WRC), an indicator of the accessible interior surface area, of raw 

and pretreated LMs was measured as suggested by Sanchez et al. (2019). The external surface 

area of raw and pretreated LMs was observed through scanning electron microscopic (SEM) 

images, using the procedure and the equipment previously described by Oliva et al. (2021). The 

untreated and NMMO pretreated LMs were analysed with a Nicolet iS5 Fourier-transform 

infrared (FTIR) spectrometer (Thermo Fisher Scientific, Waltham, USA) to evaluate the 

crystalline structure of the cellulose by determining the lateral order index (LOI) of the samples. 

LOI was obtained as the ratio between the absorbance at 1420 cm-1, representative of the 

crystalline fraction of the cellulose, and the absorbance at 898 cm-1, representative of the 

amorphous cellulose (Carrillo et al., 2004). The analysis was done in triplicate, and the data 

were averaged over 16 runs with a resolution of 4 cm-1 in the 4000 - 400 cm-1 region. 

The characterisation of raw and pretreated LMs in terms of extractives, structural 

carbohydrates, total lignin and ashes was performed as previously reported by Oliva et al. 

(2021), following the protocols of Sluiter at al. (2008c, 2008d). Firstly, the extractives were 

removed with a sequential extraction using water and 95% ethanol solution as solvents. 

Afterwards, the extractives-free LMs underwent a two-step acid hydrolysis using 72 and 4% 

(w/w) H2SO4 at 30 and 121 °C, respectively. Liquor and acid-insoluble residues were separated 

by filtration. The acid-soluble lignin was determined spectrophotometrically at 205 nm. The 

Klason lignin was estimated gravimetrically by subtracting the acid-insoluble ash from the acid-

insoluble residues. The speciation of the structural carbohydrates solubilised in the two-step 

hydrolysis was obtained with a ICS-3000 Ion Chromatography System (DIonex, Sunnyvale, 

USA). 

Volatile fatty acids (VFAs) accumulation and degradation during the AD process were 

monitored by sampling 1.5 mL of the liquid phase from each bottle seven times during the first 

14 days of the experiment. The samples were stored and prepared for analysis as described by 

Papirio (2020). The method and equipment used for VFAs analysis are reported by Bianco et 

al. (2020b). The pH of the liquid samples was measured using a HI-98103 pH meter (Hanna 

Instruments, Woonsocket, USA). 
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4.2.5 Kinetic model 

The kinetics of methane production obtained from raw and pretreated HS, SCG, and AS were 

evaluated by fitting the experimental data with a modified Gompertz model (Hassan et al., 

2017), using Eq. (4.1): 

𝐺(𝑡) = 𝐺𝑚 ∙ exp {−𝑒𝑥𝑝 [
𝑅𝑚∙𝑒

𝐺𝑚
∙ (𝜆 − 𝑡) + 1]}                             (4.1) 

where t (d) is the time of the AD process, G(t) (mL CH4/g VS) is the cumulative specific 

methane production achieved at t (d), Gm (mL CH4/g VS) and Rm (mL CH4/g VS∙d) are the 

maximum specific methane production potential and rate estimated by the model, respectively, 

e = exp (1), and λ (d) is the lag phase time. 

The model fitting was performed using the Origin2018 software (OriginLab Corporation, 

Northampton, USA). The correlation coefficient (r2) between experimental and model data was 

evaluated with the Excel 2016 software (Microsoft Corporation, Redmond, USA). 

4.2.6 Energy assessment 

In this study, an energy balance of the whole process was performed using the following 

hypotheses: 

a) 1 m3 (1 m long by 1 m wide by 1 m high) stainless steel tank (Figure 4.1) was used to 

perform the NMMO pretreatment. 

b) The tank can treat 90 kg of LMs immersed in 900 kg of NMMO solution, following the 

substrate to solvent ratio used in the present study (i.e. 1:10 w/w). 

c) The sides and the bottom surface of the tank are thermally insulated with cork layers 

(thickness = 20 cm). The heat loss through these surfaces is negligible due to the low 

thermal conductivity of cork, i.e. 0.045 W/(m∙°C) (Knapic et al., 2016).  

d) The upper surface of the tank is covered with a polyethylene plate (thickness = 3 cm) during 

the NMMO pretreatment to limit heat loss.  

e) The tank is already at working temperature (i.e. 120 °C). The ambient temperature is 20 °C. 
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Figure 4.1 – Operating parameters, specific heat capacity values, and a schematic representation of the tank 

assumed to be used for the NMMO pretreatment while performing the energetic assessment. 

Under these conditions, the energy required to keep the stainless steel tank at the operating 

temperature depends on the heat loss from the upper surface to the environment (H1) and on the 

energy used to heat the NMMO solution and the LMs immersed in the tank (H2). The two 

aliquots were calculated using Eq. (4.2) and Eq. (4.3):  

𝐻1 =  𝑈 ∙ 𝐴 ∙
∆𝑇

∆𝑥
∙ 𝑡𝑝                               (4.2) 

𝐻2 =  (𝑚𝑁𝑀𝑀𝑂 ∙ 𝐶𝑝,𝑁𝑀𝑀𝑂 + 𝑚𝐿𝑅𝑠 ∙ 𝐶𝑝,𝐿𝑅𝑠) ∙
∆𝑇

3600
                    (4.3) 

where U (0.45 W/(m∙°C) (Curry and Pillay, 2015)) is the thermal conductivity of the upper 

surface of the tank, A (1 m2) is the upper surface of the cubic tank, ∆T (100 °C) is the difference 

between operating and ambient temperature, ∆x (0.03 m) is the thickness of the insulating plate 

used to cover the tank, tp (h) is the pretreatment time, mNMMO (900 kg) and mLMs (90 kg) are the 

masses of the 73% NMMO solution and LMs, respectively, Cp, NMMO (3.10 kJ/kg∙°C) is the 

specific heat capacity of the 73% NMMO solution, calculated considering the Cp of water and 

an 85% NMMO solution (Mancini et al., 2016b), Cp, LMs (1.20 kJ/kg∙°C (Lo et al., 2017)) is the 

specific heat capacity of LMs, and 3600 is the conversion factor between kJ and kWh. 

The energy gain (Ep) from the increment of methane production after the NMMO pretreatment 

was calculated according to Mancini et al. (2018a), considering the difference in methane 

production between pretreated and raw substrates according to Eq. (4.4). The specific methane 
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production potential was rectified using an upscale factor of 0.85 to account for the difference 

between laboratory and real scale AD conditions (Alonso-Fariñas et al., 2020). 

𝐸𝑃 = (𝑆𝑀𝑃𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 − 𝑆𝑀𝑃𝑟𝑎𝑤) ∙ 𝜉 ∙ 𝐶𝐻𝑃                               (4.4) 

where SMPpretreated and SMPraw (kg CH4/kg VS) are the specific methane production potential 

from pretreated and raw substrates, ξ is the lower heating value of methane (13.9 kWh/kg CH4), 

and CHP (0.5) is the efficiency of a combined heat and power unit, equal to 50%.  

About 85% of the energy used to reach and maintain the pretreatment temperature (i.e. H1 + 

H2) can be recovered by heat exchangers (Mancini et al., 2018a), accounting for a positive 

aliquot (Er,H) in the energy balance here proposed. The overall energy balance (∆E) is therefore 

described by Eq. (4.5):  

∆𝐸 =  𝐸𝑝 − 𝐻1 − 𝐻2 + 𝐸𝑟,𝐻                              (4.5) 

4.2.7 Statistical analysis 

The BMP, WRC, and LOI of raw and pretreated substrates were compared by one-way analysis 

of variance (ANOVA) followed by the Tukey post hoc test. The Pearson correlation coefficient 

(r) between BMP and pretreatment time, the changes in lignocellulosic composition (i.e. 

extractives, sugars, and lignin content) and WRC of each substrate was evaluated with the 

Pearson test. The correlation was considered strong when r was higher than 0.8 (Akoglu, 2018). 

All analyses were performed with Minitab 17 Statistical Software (Minitab LCC, USA). The 

difference was considered statistically significant when p was < 0.05. 

4.3 Results 

4.3.1 Changes in lignocellulosic composition after the NMMO pretreatment 

Raw and pretreated substrates were characterised in terms of cellulose and hemicellulose 

sugars, lignin, and extractive content. The chemical composition analysis (Figure 4.2 and Table 

4.2) showed that raw AS, SCG, and HS have a lignin content of 29.2, 18.8, and 44.2% (based 

on the dry matter), respectively. Raw AS showed a 43% total sugar percentage, mainly 

constituted by glucan (22%) and xylan (19%). On the other hand, raw SCG sugars were 

primarily composed of mannan (24%) and galactan (9%), while glucan represented only 9% of 

the overall sugar content. The total sugar percentage of raw HS was lower than that of raw AS 

and raw SCG, representing only 14% of the dry matter, with glucan being the main constituent 

(10%). The compositional analysis also revealed abundant extractives in the raw substrates, in 

particular for SCG (30%) and HS (28%). 
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The NMMO treatment affected the composition of the substrates differently (Table 4.2). AS 

lost up to 45% of the extractives during the NMMO pretreatment, but no significant effect was 

observed on the cellulose, hemicellulose, and lignin content. NMMO pretreated SCG showed 

a higher sugar percentage (+ 27%) compared to the raw SCG, mainly related to glucan (+ 57%). 

As regards to HS, the NMMO pretreatment removed up to 30% of the total lignin content. Also, 

the glucan percentage increased by 120% in the most performing pretreatment condition. SCG 

and HS respectively lost up to 37 and 49% of the extractives during the pretreatment. 

 
Figure 4.2 – Chemical composition of raw and NMMO pretreated substrates: full extractives ( ), glucan ( ), 

xylan ( ), mannan ( ), arabinan ( ), galactan ( ), rhamnan ( ), total lignin ( ), ashes ( ), and unknown matter 

( ). AS: almond shell, SCG: spent coffee grounds, and HS: hazelnut skin. Pretreatment time exposure: 1, 3, 5 h. 
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Table 4.2 – Chemical composition of raw and NMMO pretreated substrates expressed as full extractives, structural sugars (glucan, xylan, mannan, arabinan, galactan, and 

rhamnan), total lignin (Klason lignin and acid soluble lignin), and ashes content. AS: almond shell, SCG: spent coffee grounds, and HS: hazelnut skin. Pretreatment time 

exposure: 1, 3, and 5 h. 

Substrate 

Full 

Extractivesa 

(%) 

Total 

Sugarsa, c 

(%) 

Total 

Lignina, b 

(%) 

Ashesa 

(%) 

Unknownd 

(%) 

Glucana 

(%) 

Xylana 

(%) 

Mannana 

(%) 

Arabinana 

(%) 

Galactana 

(%) 

Rhamnana 

(%) 

Klason 

Lignina 

(%) 

Acid 

Soluble 

Lignina 

(%) 

AS raw 10.5 ± 0.1 42.9 ± 0.1 29.2 ± 0.2 2.2 ± 0.1 15.2 22.0 ± 0.3 18.7 ± 0.5 0.1 ± 0.0 0.8 ± 0.0 1.1 ± 0.0 0.3 ± 0.0 27.7 ± 0.2 1.5 ± 0.0 

AS 1 h 7.6 ± 0.0 45.9 ± 0.1 30.4 ± 0.1 0.4 ± 0.0 15.6 23.4 ± 0.1 20.5 ± 0.2 0.1 ± 0.0 0.6 ± 0.0 1.0 ± 0.0 0.3 ± 0.0 28.4 ± 0.1 2.1 ± 0.0 

AS 3 h 6.3 ± 0.2 45.8 ± 0.7 31.9 ± 0.7 0.7 ± 0.2 15.4 23.7 ± 0.3 20.2 ± 0.4 0.1 ± 0.0 0.6 ± 0.0 1.0 ± 0.0 0.3 ± 0.0 29.8 ± 0.7 2.0 ± 0.0 

AS 5 h 5.8 ± 0.2 45.4 ± 0.3 31.3 ± 0.1 0.7 ± 0.0 16.8 24.3 ± 0.2 19.3 ± 0.1 0.0 ± 0.0 0.5 ± 0.0 1.0 ± 0.1 0.3 ± 0.0 29.6 ± 0.1 1.7 ± 0.0 

SCG raw 29.8 ± 0.4 42.8 ± 0.1 18.8 ± 0.1 1.3 ± 0.1 7.4 8.7 ± 0.0 0.1 ± 0.0 23.5 ± 0.0 1.5 ± 0.0 8.8 ± 0.1 0.1 ± 0.0 16.8 ± 0.1 1.9 ± 0.0 

SCG 1 h 18.7 ± 0.1 54.4 ± 0.2 19.5 ± 0.1 0.7 ± 0.0 6.7 12.1 ± 0.1 0.1 ± 0.0 29.1 ± 0.3 2.0 ± 0.0 11.0 ± 0.0 0.1 ± 0.0 16.8 ± 0.1 2.7 ± 0.0 

SCG 3 h 19.9 ± 0.0  52.0 ± 0.3 19.8 ± 0.3 0.6 ± 0.0 7.7 12.2 ± 0.3 0.1 ± 0.0 28.3 ± 0.1 1.8 ± 0.0 9.5 ± 0.0 0.0 ± 0.0 17.7 ± 0.3 2.1 ± 0.0 

SCG 5 h 20.5 ± 0.1 53.7 ± 0.4 17.6 ± 0.2 0.9 ± 0.2 7.2 13.8 ± 0.1 0.1 ± 0.1 29.2 ± 0.2 1.7 ± 0.0 8.9 ± 0.0 0.1 ± 0.0 16.1 ± 0.2 1.5 ± 0.1 

HS raw 27.5 ± 0.4 13.6 ± 0.3 44.2 ± 0.3 2.6 ± 0.1 12.1 10.1 ± 0.2 0.9 ± 0.0 0.3 ± 0.0 0.7 ± 0.0 0.9 ± 0.0 0.7 ± 0.0 42.7 ± 0.3 1.5 ± 0.0 

HS 1 h 23.2 ± 0.2 24.8 ± 0.1 39.0 ± 0.5 2.2 ± 0.0 10.8 18.2 ± 0.1 1.8 ± 0.0 0.5 ± 0.1 1.5 ± 0.0 1.5 ± 0.0 1.3 ± 0.1 37.5 ± 0.4 1.5 ± 0.1 

HS 3 h 14.1 ± 0.6 26.6 ± 0.3 44.9 ± 0.3 2.1 ± 0.2 12.2 19.8 ± 0.2 2.3 ± 0.1 0.5 ± 0.1 1.4 ± 0.0 1.4 ± 0.0 1.1 ± 0.0 43.5 ± 0.2 1.5 ± 0.0 

HS 5 h 24.7 ± 0.5 28.8 ± 0.5 31.2 ± 0.2 2.2 ± 0.1 13.1 22.1 ± 0.3 2.4 ± 0.1 0.4 ± 0.0 1.4 ± 0.1 1.4 ± 0.1 1.1 ± 0.1 29.5 ± 0.2 1.7 ± 0.0 

a Based on the dry matter (g/100 g TS). 

b Total lignin is calculated as the sum of acid soluble lignin and Klason lignin (Sluiter et al., 2008c). 

c Total sugars are obtained as the sum of glucan, xylan, mannan, arabinan, galactan, and rhamnan. 

d The unknown matter is calculated as the complement to 100 of the other components. 
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4.3.2 Effect of the NMMO pretreatment on external surface area, porosity and crystallinity  

The SEM images reported in Figure 4.3 illustrate the structural changes observed in the external 

surface between raw and pretreated LMs. Raw AS (Figure 4.3A) shows a slivered, hard and 

compact surface. The NMMO pretreatment appears to be able to smooth the AS outer surface 

(Figure 4.3B, 4.3C, 4.3D), although looking still dense and tough. Raw SCG (Figure 4.3E) 

shows a stringy surface, which remains nearly untouched by the pretreatment (Figure 4.3F, 

4.3G, and 4.3H). On the other hand, HS shows the most appreciable effects of the cellulose 

swelling caused by the NMMO pretreatment, among the three substrates. The external surface 

of raw HS (Figure 4.3I) is compact, and the cellulose filaments appear thin and embodied in 

the lignocellulosic structure. The NMMO pretreatment (Figure 4.3J, 4.3K, and 4.3L) swelled 

the filaments, increasing the exposure of the cellulosic part of HS to the enzymatic attack. In 

particular, the 5 h pretreatment seems able to break down part of the cell wall of HS. Some of 

the cellulose filaments are more exposed and appear crimped and vulnerable (Figure 4.3L). 

 

Figure 4.3 – Scanning electron microscopic images of the external surface area of raw and NMMO pretreated 

substrates. Raw AS (A), 1 h pretreated AS (B), 3 h pretreated AS (C), and 5 h pretreated AS (D). Raw SCG (E), 1 

h pretreated SCG (F), 3 h pretreated SCG (G), and 5 h pretreated SCG (H). Raw HS (I), 1 h pretreated HS (J), 3 h 

pretreated HS (K), and 5 h pretreated HS (L). AS: almond shell, SCG: spent coffee grounds, and HS: hazelnut 

skin. Pretreatment time exposure: 1, 3, and 5 h. 

To further inspect the bioaccessible surface area of the LMs, the WRC of the raw and pretreated 

substrates was measured, as an indicator of porosity. Table 4.3 shows that the 5 h NMMO 
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pretreatment significantly increased (p < 0.05) the WRC of AS from 0.53 to 0.59 g H2O/g TS. 

On the other hand, all the other pretreatment conditions lowered the AS porosity. The WRC of 

SCG was significantly higher (p < 0.05) after the NMMO pretreatment. The highest porosity 

was observed for the 3 h NMMO pretreated SCG, increasing the WRC by 63%. Finally, in the 

case of HS, the porosity significantly increased (p < 0.05) proportionally to the pretreatment 

time. The WRC of HS rose from 1.76 to 2.20 g H2O/g TS in the most performing pretreatment 

condition (i.e. 5 h). 

The FTIR analysis shows a significant reduction (p < 0.05) of the LOI for AS and HS under all 

pretreatment conditions tested. On the other hand, no significant change (p > 0.05) in the 

crystallinity index of SCG was observed (Table 4.3). The spectra of the FTIR analysis are 

reported in Figure 4.4. 

Table 4.3 – Water retention capacity (WRC) and lateral order index (LOI) followed by statistical comparison of 

raw and pretreated substrates with 73% NMMO solution. AS: almond shell, SCG: spent coffee grounds, and HS: 

hazelnut skin. Pretreatment time exposure: 1, 3, and 5 h. 

Substrate 
WRC 

(g H2O/g TS) 

Statistical 

information a 

LOI 

(A1420/A898) 

Statistical 

information a 

AS raw 0.53 ± 0.00 b 2.18 ± 0.24 a 

AS 1 h 0.45 ± 0.02 c 1.02 ± 0.03 c 

AS 3 h 0.47 ± 0.03 c 1.03 ± 0.02 c 

AS 5 h 0.59 ± 0.02 a 1.38 ± 0.04 b 

SCG raw 1.12 ± 0.03 c 1.39 ± 0.13 a 

SCG 1 h 1.81 ± 0.01 ab 1.57 ± 0.30 a 

SCG 3 h 1.83 ± 0.06 a 1.56 ± 0.23 a 

SCG 5 h 1.72 ± 0.02 b 1.46 ± 0.06 a 

HS raw 1.76 ± 0.04 c 3.89 ± 0.40 a 

HS 1 h 1.77 ± 0.05 c 1.38 ± 0.12 b 

HS 3 h 2.01 ± 0.06 b 1.31 ± 0.24 b 

HS 5 h 2.20 ± 0.11 a 1.40 ± 0.07 b 

a Not sharing letters means that the condition was significantly different (p < 0.05) with the compared condition.  



105 

 

 

 

 

Figure 4.4 – Spectra obtained from the FTIR analysis of raw ( ) and NMMO pretreated, i.e. 1 h ( ), 3 h ( ), 5 h 

( ), almond shell (A), spent coffee grounds (B), and hazelnut skin (C). Pretreatment time exposure: 1, 3, 5 h. 
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4.3.3 Impact of the NMMO pretreatment on methane production and kinetics 

The net cumulative methane production achieved from the AD of raw and NMMO pretreated 

LMs is given in Table 4.4. Figure 4.5 shows the methane production evolution over the 45 days 

of AD. The AD of untreated LMs showed the high BMP of raw SCG and raw HS, which 

reached 337.4 (± 16.5) and 265.4 (± 10.4) mL CH4/g VS, respectively. On the other hand, the 

BMP of raw AS was only 54.7 (± 5.3) mL CH4/g VS.  

The NMMO pretreatment was significantly (p < 0.05) effective on AS by increasing the BMP 

up to 86.1 (± 2.0) mL CH4/g VS (Figure 4.5A). The best pretreatment condition corresponded 

to the longer pretreatment time. Nevertheless, a pretreatment of 3 h also showed an appreciable 

(p < 0.05) enhancement (25%) of the methane production from AS. Similarly, the 3 h and 5 h 

NMMO pretreatment improved the BMP of HS by 31 and 51%, respectively, reaching a 

maximum BMP of 400.4 (± 9.5) mL CH4/g VS (Figure 4.5C). Regarding HS, the 1 h 

pretreatment also showed a significant (p < 0.05) enhancement in methane production, i.e. by 

14%. On the contrary, none of the pretreatment conditions tested in this study was significantly 

effective on SCG in terms of methane production (Figure 4.5B). A slight 8% increase of the 

BMP was observed for the 3 h and 5 h pretreated SCG, not being statistically significant (p > 

0.05). 

The kinetic analysis showed a high correlation with the modified Gompertz model used to fit 

the experimental data (Table 4.4). The model fitting confirmed the pretreatment effectiveness 

on AS and HS, with the experimental BMP achieving 98% of the maximum methane production 

potential (Gm) estimated by the model. The 73% NMMO pretreatment enhanced the maximum 

specific methane production rate (Rm) of AS from 2.95 to 3.15, 3.76, and 4.58 mL CH4/g VS/d 

for the 1, 3, and 5 h pretreated AS, respectively. However, all the pretreatment conditions 

increased the lag phase (λ) of AD for AS. The Rm of HS increased up to 34% when the NMMO 

pretreatment lasted 5 h. No significant change of λ was observed by pretreating the HS, apart 

from the 3 h pretreatment, which resulted in a decreased λ to 3.7 days. Interestingly, the 

experimental data showed that the NMMO pretreatment led to a delay of the peak of methane 

production rate only in the case of HS.  
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Figure 4.5 – Cumulative methane production from anaerobic digestion of almond shell (A), spent coffee grounds 

(B), and hazelnut skin (C): untreated ( ), 1 h NMMO ( ), 3 h NMMO ( ), 5 h NMMO ( ) exposure. Pretreatment 

time exposure: 1, 3, and 5 h. 
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Table 4.4 – Biochemical methane potential (BMP) followed by statistical comparison and kinetic parameters, i.e. maximum specific methane production potential (Gm), 

maximum specific methane production rate (Rm), lag phase (λ), and correlation coefficient (r2), obtained from the anaerobic digestion process of raw and pretreated substrates 

with 73% NMMO solution. AS: almond shell, SCG: spent coffee grounds, and HS: hazelnut skin. Pretreatment time exposure: 1, 3, and 5 h. 

Substrate 
BMP                             

(mL CH4/g VS) 

Statistical 

information a 

Methane production 

increment  

(%) 

Gm b                              

(mL CH4/g VS∙d) 

Rm b                                                

(mL CH4/g VS∙d) 

λ b                  

(d) 
r2 c 

AS raw 54.7 ± 5.3 c - 55.90 2.95 1.7 0.9852 

AS 1 h 55.8 ± 2.2 c 2.1 55.81 3.15 3.3 0.9982 

AS 3 h 68.5 ± 3.1 b 25.2 68.51 3.76 3.3 0.9970 

AS 5 h 86.1 ± 2.0 a 57.5 86.01 4.58 3.0 0.9962 

SCG raw 337.4 ± 16.5 a - 339.69 21.10 5.0 0.9981 

SCG 1 h 345.3 ± 18.5 a 2.3 348.22 20.47 5.2 0.9904 

SCG 3 h 365.2 ± 9.7 a 8.3 369.52 19.76 5.3 0.9939 

SCG 5 h 361.9 ± 4.9 a 7.3 366.84 19.64 5.8 0.9973 

HS raw 265.4 ± 10.4 d - 269.58 14.56 5.4 0.9953 

HS 1 h 303.2 ± 9.0 c 14.2 308.97 15.01 5.7 0.9971 

HS 3 h 347.1 ± 6.7 b 30.8 351.62 17.30 3.7 0.9972 

HS 5 h 400.4 ± 9.5 a 50.9 403.18 23.18 5.1 0.9973 

a Not sharing letters means that the condition was significantly different (p < 0.05) with the compared condition. 

b Predicted by fitting the experimental data with a modified Gompertz model. 

c Correlation coefficient between experimental and model data.  
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4.3.4 Volatile solid degradation and volatile fatty acids evolution during anaerobic digestion 

The percentage of VS degraded during the AD process (Figure 4.6) accounted for 13, 71, and 

24% for raw AS, SCG, and HS, respectively. The pretreatment with 73% NMMO significantly 

(p < 0.05) enhanced the VS biodegradation of AS up to 21%. On the other hand, no significant 

difference (p > 0.05) was observed in VS degraded from raw and pretreated SCG. Regarding 

HS, all pretreatment durations considerably increased the amount of biodegradable matter (p < 

0.05), with the increment being positively correlated with the pretreatment time and reaching 

54% in the case of 5 h NMMO pretreatment.  

 

Figure 4.6 – Biodegraded (full bars) and leftover (dashed bars) volatile solids of raw and pretreated substrates 

after 45 days of anaerobic digestion: AS ( ), SCG ( ), and HS ( ). AS: almond shell, SCG: spent coffee grounds, 

and HS: hazelnut skin. Pretreatment time exposure: 1, 3, and 5 h. 

The VFAs evolution was monitored along with the AD process of raw and pretreated substrates. 

The total VFAs concentration is reported in Figure 4.7 as acetic acid equivalent. Acetic and 

propionic acid were the main acids produced during the AD of SCG and HS (data not shown). 

On the contrary, acetic acid was the sole VFA detected during AD of AS (data not shown), 

which entailed the maximum VFAs concentration on day 0 of the experiment (Figure 4.7A). In 

particular, the VFAs concentration on day 0 of AD of AS was significantly higher when 

digesting raw (i.e. 317 mg HAceq/L) rather than pretreated (i.e. 31 mg HAceq/L) substrates. The 

VFAs evolution was similar for raw and pretreated SCG (Figure 4.7B). The maximum 

concentration was observed on day 7 for untreated (i.e. 390 mg HAceq/L), 3 h (i.e. 292 mg 

HAceq/L) and 5 h (i.e. 207 mg HAceq/L) NMMO pretreated SCG. On the other hand, in the case 

of 1 h NMMO pretreated SCG, the VFAs concentration was almost stable between day 7 (i.e. 

327 mg HAceq/L) and 14 (i.e. 371 mg HAceq/L). As regards to HS (Figure 4.7C), the highest 
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VFAs accumulation was observed on day 4 for the 3 h NMMO pretreated HS (i.e. 211 mg 

HAceq/L), while the peak was obtained on day 7 for the other pretreatment conditions. 

 

 

 

Figure 4.7 – Volatile fatty acids (VFAs) accumulation during the AD of untreated and pretreated AS (A), SCG 

(B), and HS (C): untreated ( ), 1 h NMMO ( ), 3 h NMMO ( ), 5 h NMMO ( ) exposure. AS: almond shell, 

SCG: spent coffee grounds, and HS: hazelnut skin. Pretreatment time exposure: 1, 3, and 5 h.  
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4.3.5 Energy saving  

The energy balance performed in this study  (Table 4.5) revealed the feasibility of applying the 

NMMO pretreatment for HS, giving an energy gain of 0.18 and 0.40 kWh/kg VS after 3 h and 

5 h pretreatment, respectively. On the other hand, the energy assessment returned a negative 

energy balance for pretreated AS and SCG. 

Table 4.5 – Energy balance (∆E) calculated considering energy costs (H1 and H2), energy recovered by heat 

exchangers (Er, H), and energy gain from the extra methane produced (EP) from pretreated substrates. AS: almond 

shell, SCG: spent coffee grounds, and HS: hazelnut skin. Pretreatment time exposure (tp): 1, 3, and 5 h. 

Substrate 
tp  

(h) 

H1 

(kWh) 

H2 

(kWh) 

Er, H 

(kWh) 

EP 

(kWh) 

∆E  

(kWh) 

∆E  

(kWh/kg VS) 

AS 1 h 1 1.5 80.47 69.67 0.38 -11.92 -0.15 

AS 3 h 3 4.5 80.47 72.22 4.63 -8.12 -0.10 

AS 5 h 5 7.5 80.47 74.77 10.55 -2.64 -0.03 

SCG 1 h 1 1.5 80.47 69.67 2.57 -9.72 -0.13 

SCG 3 h 3 4.5 80.47 72.22 9.09 -3.65 -0.05 

SCG 5 h 5 7.5 80.47 74.77 8.00 -5.19 -0.07 

HS 1 h 1 1.5 80.47 69.67 12.46 0.17 0.00 

HS 3 h 3 4.5 80.47 72.22 26.95 14.20 0.18 

HS 5 h 5 7.5 80.47 74.77 44.52 31.32 0.40 

4.4 Discussion 

4.4.1 Anaerobic digestion of untreated almond shells, spent coffee grounds, and hazelnut skin 

The AD of the three raw LMs under investigation showed that SCG and HS had a high BMP 

compared to most studied agricultural and industrial LMs (Li et al., 2013; Shen et al., 2018), 

producing 337.4 and 265.4 mL CH4/g VS, respectively (Table 4.4). On the other hand, raw AS 

only produced 54.7 mL CH4/g VS (Table 4.4), being in the range of methane production from 

that of other nut shells observed by Shen et al. (2018).  

One of the most important factors hindering the AD of LMs is the lignin content (Zoghlami and 

Paës, 2019). The three substrates used in this study showed different chemical compositions, 

but all have a rather high lignin content (Table 4.2), i.e. 29.2, 18.8 and, 44.2% (based on the 

dry matter), respectively for AS, SCG, and HS. Based on the lignin content only, HS was 

expected to be the most recalcitrant substrate among the three. Nevertheless, the experimental 

evidence showed that many other factors affect the AD of LMs.  

AS was indeed the least suitable substrate for AD, resulting in the lowest methane production 

among the raw substrates (Figure 4.5). This result is consistent with previous studies, where a 
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methane production of 45.4 (± 8.7) mL CH4/g VS was achieved (Shen et al., 2018). Other 

studies reported an even lower BMP of AS, i.e. 20.2 (± 13.0) mL CH4/g VS (Nitsos et al., 2015) 

and 23.2 (± 9.6) mL CH4/g VS (Oliva et al., 2021). The low BMP did not reflect the cellulose 

(22.0%) and hemicellulose (21.0%) content of the AS here used, suggesting a greater potential 

of AS for AD (Paul and Dutta, 2018). Nevertheless, the scarce WRC (0.53 g H2O/g TS), the 

high LOI (i.e. 2.18), and the hard external surface of AS (Table 4.3 and Figure 4.3A) most 

likely prevented the microorganisms to attack the substrate, resulting in slow and inefficient 

AD (Mancini et al., 2018b). The VFAs evolution observed in the present study (Figure 4.7A) 

suggests that AS has a remarkable aliquot of extractives easily soluble in aqueous solution, 

which immediately hydrolysed and were likely converted into VFAs peaking at 317.3 (± 24.0) 

mg HAceq/L on day 0 (Figure 4.7A). On the other hand, the absence of VFAs accumulated 

during the subsequent days of AD indicates that the hydrolysis of cellulose and hemicellulose 

from AS is slow, with methanogenic archaea acting at the same speed of hydrolytic and 

acidogenic bacteria (Li et al., 2019). 

On the contrary, SCG and HS showed a higher BMP (Table 4.4). In particular, in this study, 

HS produced 265.4 (± 10.4) mL CH4/g VS. This result is comparable with previous studies 

where the same substrate was used (Mancini et al., 2018a, 2016b; Papirio, 2020). A 

significantly lower methane production was obtained from HS (i.e. 17.3 mL CH4/g VS) when 

using a granular sludge as the source of microorganisms (Oliva et al., 2021). This evidence 

highlighted that not only the physical and chemical characteristics of the substrate but also the 

type of inoculum greatly affects the AD process, as previously observed by Gu et al. (2014) for 

rice straw. The methane obtained from SCG was 337.4 (± 16.5) mL CH4/g VS. This value is 

comparable with the available literature regarding the AD of SCG under similar operative 

conditions (Girotto et al., 2018; Kim et al., 2017). Contrary to HS, the AD of SCG seems to be 

less susceptible to the type of inoculum since no significant difference was observed with 

Chapter 3 where a granular sludge was used (Oliva et al., 2021). The VFAs analysis (Figure 

4.7B, 4.7C) reflected the usual trend of LMs, with slow hydrolysis and maximum VFAs 

accumulation after a few days of AD (Annamalai et al., 2020). In particular, the maximum 

VFAs accumulation was observed on day 7, with a concentration of 389.9 (± 33.2) and 127.4 

(± 86.7) mg HAceq/L for SCG and HS, respectively (Figure 4.7B, 4.7C).  

The higher biodegradability of SCG and HS is due to the physical characteristics of the 

substrates. SCG and HS showed a significantly higher WRC than AS (Table 4.3). The LOI 
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indicates that mainly crystalline cellulose prevails in HS, while SCG is composed of both 

crystalline and amorphous cellulose (Table 4.3 and Figure 4.4). Besides, the external surface of 

SCG and HS appeared smoother than that of AS (Figure 4.3). The results obtained in this study 

are in accordance with previous works (Yu et al., 2019), where the porosity and other physical 

characteristics of LMs were key factors for efficient AD (Hernández-Shek et al., 2020). As a 

further aspect, the measurement of the leftover VS at the end of the experiment confirmed the 

recalcitrance of AS and HS (Figure 4.6). Only 12.6 and 23.9% of the overall volatile matter 

was degraded after 45 days of AD for raw AS and HS, respectively (Figure 4.6). On the other 

hand, 71.1% of the VS from SCG was degraded during the AD process (Figure 4.6).  

4.4.2 NMMO pretreatment effectiveness on lignocellulosic substrates 

4.4.2.1 Almond shell  

The pretreatment with a 73% NMMO solution was effective on AS, achieving the maximum 

BMP (86.1 mL/g VS) from the 5 h pretreated AS and increased by 58% compared with the raw 

AS (Table 4.3). The effect of the pretreatment increased with its duration (Figure 4.5A), 

showing a strong direct correlation, i.e. r = 0.980. Nevertheless, the maximum methane 

production obtained in this study is still far from the theoretical methane production potential, 

i.e. 490 mL/g VS (Oliva et al., 2021). The low methane production is reflected by the limited 

VS degradation (Figure 4.6). The highest VS degradation (21%) occurred for the 5 h NMMO 

pretreated AS after 45 days of AD, meaning that the microorganisms did not degrade most of 

the available VS. The non-degraded VS (Figure 4.6) certainly includes lignin, which represents 

31.3% of the 5 h pretreated AS composition (Table 4.2). Only fungi and specific strains of 

bacteria are able to decompose lignin thanks to their selective enzymatic system (Mei et al., 

2020; Schneider et al., 2020). Thus, it is very likely that most of the initial lignin content 

remained unaltered after AD (Li et al., 2021), eventually accounting for non-degraded VS, 

which is one of the aspects contributing to the low BMP of raw and pretreated AS. 

The NMMO pretreatment did not lead to significant changes in sugars and lignin content of AS 

(Table 4.2 and Figure 4.2), in line with the results obtained for other substrates such as flower 

waste (Gopal et al., 2021) and wheat straw (Mancini et al., 2018b). Thus, the enhanced methane 

production observed with the pretreated substrate is attributed to other aspects. In particular, 

the NMMO pretreatment reduced the ratio between crystalline and amorphous cellulose, i.e. 

LOI, under all pretreatment conditions (Table 4.3 and Figure 4.4), indicating a higher 

biodegradability of the pretreated AS (Purwandari et al., 2013). Also, the WRC of AS increased 
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from 0.53 to 0.59 g H2O/g TS after 5 h of pretreatment (Table 4.3). Mancini et al. (2018b) 

obtained similar results for wheat straw using an 85% NMMO pretreatment for 3 h. In that 

study, WRC increased from 1.30 to 1.90 g H2O/g TS resulting in an 11% increment in methane 

production. On the other hand, in the present study, no effect was observed on the 3 h and 1 h 

pretreated AS in terms of WRC. The increment in methane production from 3 h pretreated AS 

(i.e. 25.2%) might be, therefore, associated with the strength of the cellulose-hemicellulose-

lignin linkage that is likely weakened by the NMMO pretreatment, as previously observed by 

Cheng et al. (2017) for cassava residues. In addition, a moderate inverse correlation, i.e. r = - 

0.776, was observed between the extractives content and BMP of AS. This correlation could be 

due to inhibitory compounds initially present in the extractives of AS that were lost during the 

pretreatment (Tajmirriahi et al., 2021a).  

Although the outer surface of the pretreated AS is smoother than for the raw substrate (Figure 

4.3A-D), it looks resistant and leathery, confirming that the pretreatment did not significantly 

alter the physical structure of the substrate. In a previous study, Oliva et al. (2021) investigated 

the effectiveness of methanol-organosolv pretreatment on AS. In that case, the pretreatment 

affected neither the external surface nor the porosity of the substrate, resulting in no increment 

in the methane production. A longer NMMO pretreatment or a different, more aggressive 

pretreatment, such as acid or alkaline pretreatment, may be tested to disrupt the hard and 

compact structure of AS. Nevertheless, previous studies reported that longer NMMO 

pretreatment may result in loss of hemicellulose sugars (Shafiei et al., 2014; Teghammar et al., 

2012). Overall, the low porosity and the highly resistant outer surface, together with the high 

lignin content, explain the low BMP of raw and pretreated AS. 

As regards to the trend of VFAs (Figure 4.7A), the higher concentration observed on day 0 

reflects the methane production of the following days (1 - 4) from raw AS. Methane production 

from raw AS was higher compared to the pretreated AS (Figure 4.5A) until day 4, resulting in 

a shorter lag-phase (Table 4.4). The lower VFAs concentration observed on day 0 in the bottles 

with the pretreated AS was likely due to the loss of non-structural sugars during NMMO 

pretreatment. Acidogenic bacteria can easily convert free sugars in VFAs, allowing faster 

methane production in the first days of AD (Wainaina et al., 2019). The failure to accumulate 

VFAs during the AD progress probably suggests that the hydrolysis rate was still low, despite 

the NMMO pretreatment enhancing the VS biodegradability of AS (Figure 4.6). 
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4.4.2.2 Spent coffee grounds 

The cumulative methane production obtained from SCG was similar for the raw and pretreated 

substrate (Figure 4.5B), showing that NMMO pretreatment was ineffective for SCG. In this 

study, depending on the pretreatment condition, the BMP of SCG ranged between 337.4 and 

365.3 mL CH4/g VS (Table 4.4). Several studies focused on SCG for biofuels or valuable 

biomolecules production (Battista et al., 2021; Kim et al., 2019). Nevertheless, only Girotto et 

al. (2018) reported a methane production slightly higher than that here obtained, showing that 

an 8% NaOH pretreatment allowed to produce 392 mL CH4/g VS from SCG. The VFAs 

evolution (Figure 4.7B) follows the trend previously observed during AD of LMs, i.e. a peak 

within the first 10 days of the process followed by a gradual decrease in VFAs concentration 

(Zuo et al., 2020). The maximum VFAs concentration was observed on day 7, i.e. 390 mL 

HAceq/L (Figure 4.7B) and is significantly below the overall VFAs inhibitory threshold of 6000 

mg/L (Lee et al., 2017). 

The WRC of SCG significantly increased after the NMMO pretreatment (Table 4.3), with the 

maximum porosity (i.e. 1.83 g H2O/g TS) corresponding to the 3 h NMMO pretreated SCG. 

This is in agreement with the increment of porosity reported by Shafiei et al. (2014) for 

pinewood. In addition, the pretreatment allowed increasing the sugar percentage by up to 25% 

(mainly glucan and mannan) along with the pretreatment duration (Table 4.2) due to the loss of 

other components, i.e. extractives. Teghammar et al. (2012) obtained similar results performing 

an 85% NMMO pretreatment on spruce and triticale straw, increasing the methane production 

potential of these substrates but also observing a loss of hemicellulose sugars when increasing 

the pretreatment time. On the other hand, Teghammar et al. (2012) showed that pretreatment 

times longer than 1 h reduced the glucan content and lowered the methane production potential 

of rice straw. On the contrary, in the present study, the higher sugar percentage achieved with 

NMMO pretreatment did not affect the methane production from SCG. The loss of extractives 

from 30 to 37% during the pretreatment can explain this result. SCG are rich in free sugars, 

proteins and fatty acids that microorganisms can easily convert into methane under anaerobic 

conditions. The loss of these molecules most probably reduced the methane production 

potential of SCG (Battista et al., 2021). 

The ineffectiveness of the NMMO pretreatment on SCG is also linked to the high VS 

degradation observed for raw SCG. In fact, despite the considerable lignin percentage (i.e. 

19%), 71% of the initial VS embedded in the raw SCG was degraded after AD, and the rate of 
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VS degradation did not significantly increase after NMMO pretreatment (Figure 4.6). The non-

degraded solids include lignin, which barely changed after the NMMO pretreatment (Table 4.2 

and Figure 4.2). The VS degradation rate observed for SCG is comparable with the result 

reported by Li et al. (2018) for a much easily biodegradable substrate, i.e. food waste. The lignin 

content and the VS degradation might suggest that not much further methane production 

potential can be gained from the investigated SCG. An alternative approach can lead to a better 

utilisation of the single component of this substrate, by, for instance, extracting valuable 

extractives from SCG before subjecting it to any pretreatment. The cascade approach would 

allow recovering molecules with high commercial value while providing a simpler substrate for 

AD (Rasi et al., 2019). 

4.4.2.3 Hazelnut skin 

The BMP of HS increased from 265.5 up to 400.4 mL CH4/g VS after the NMMO pretreatment. 

The effectiveness is strongly correlated (r = 0.996) with the pretreatment time, with the 5 h 

NMMO pretreatment enhancing methane production up to 51% (Table 4.4 and Figure 4.5C). 

The increased total sugar content (r = 0.886) and WRC (r = 0.951) of pretreated HS were 

strongly correlated with the increase in BMP (Table 4.2, Table 4.3 and Table 4.4), following 

the results obtained by Kabir et al. (2014) with barley straw at a maximum pretreatment time 

of 7 h. The LOI of HS decreased from 3.90 to approximately 1.40, regardless of the pretreatment 

exposure (Table 4.3 and Figure 4.4), as previously observed by Purwandari et al. (2013) 

Moreover, the increased VS degradation (Figure 4.6) reflected the enhanced BMP achieved 

after the pretreatment. 

The NMMO pretreatment altered the external surface of HS and exposed the swelled cellulose 

filaments, as enlightened in Figure 4.3J, 4.3K, and 4.3L. Similarly, the NMMO pretreatment is 

able to change the external surface of pinewood and oil palm empty fruit bunch enhancing the 

bioavailability of the cellulosic component of the LMs (Purwandari et al., 2013; Shafiei et al., 

2014). The chemical structure of NMMO presents weak N-O polar bonds that can be easily 

broken to form new hydrogen bonds with cellulose in aqueous solutions. The NMMO solution 

penetrates the cell wall, increases its internal osmotic pressure, and expands the cellulosic fibers 

creating balloons. Inside the balloons, depending on the NMMO concentration and 

characteristics of the substrates, cellulose dissolution can occur. When the osmotic pressure 

exceeds the membrane resistance, the balloons explode, thus releasing dissolved cellulose 

(Wikandari et al., 2016). 
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The VFAs evolution (Figure 4.7C) revealed that the highest concentration (i.e. 211 mg 

HAceq/L) was observed at day 4 and corresponded to the 3 h pretreated HS, which was the 

pretreatment condition showing the best performance in terms of methane production at that 

time of the AD process (Figure 4.5C). After day 4, the VFAs concentration in the same bottles 

decreased and reflected the drop of methane production observed after day 14.  

Mancini et al. (2016b) previously studied the effectiveness of NMMO pretreatment on HS 

under dissolution mode conditions (i.e. a NMMO concentration of 85%). In that case, no 

significant difference in methane production was observed between raw and pretreated HS. On 

the contrary, the swelling mode (i.e. 73%) was effective under all pretreatment conditions in 

the present study. This confirmed the result obtained with cotton by Jeihanipour et al. (2010), 

who observed an increased BMP only using 73 and 79% NMMO solutions during the 

pretreatment. Furthermore, Purwandari et al. (2013) showed that a 1 h 73% NMMO 

pretreatment was more effective than that performed at 85% for oil palm empty fruit bunch. 

The effectiveness of the NMMO pretreatment here performed is attributable to lignin removal 

and, consequently, an increased sugars percentage (up to 112%). A moderate inverse 

correlation, i.e. r = - 0.708, was observed between the lignin content and methane production. 

In particular, the highest lignin removal (i.e. 29%) was observed after the 5 h pretreatment. 

Although lignin attack is not one of the expected effects of NMMO pretreatment (Mancini et 

al., 2016a), a long exposure time to the NMMO solution at high temperature (i.e. 120 °C) can 

remove part of the lignin. Other authors previously reported a significant lignin removal upon 

performing 75% NMMO pretreatment for 15 h, while shorter pretreatments using 85% NMMO 

solution did not remarkably affect the lignin content of forest residues (Aslanzadeh et al., 2014). 

Teghammar et al. (2012) reported a 34% lignin removal from triticale straw after a 15 h 

pretreatment with 85% NMMO solution, but no effect on the lignin content was observed when 

using a shorter pretreatment time. On the other hand, other authors did not report any change 

in lignin content from forest residues and barley straw after 30 h pretreatment using an 85% 

NMMO solution (Kabir et al., 2014). The results of the present study and the available literature 

suggest that lignin removal during NMMO pretreatment mainly depends on the specific 

characteristics of the substrate and is more likely to occur when performing the pretreatment at 

lower NMMO concentrations. 

To the best of the authors’ knowledge, the present work is the first study showing significant 

delignification (i.e. up to 29%) of highly lignified materials after short exposure time NMMO 
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pretreatment. Kabir et al. (2013) reported only a 7% lignin removal from forest residues after 

15 h pretreatment. The effectiveness of lignin removal can be related to the high WRC of raw 

HS (i.e. 1.76 g H2O/g TS), which allowed the solvent to penetrate the substrate faster than in 

other LMs (Oliva et al., 2021). Unfortunately, none of the authors who observed lignin removal 

after NMMO pretreatment reported substrate characterisation in terms of porosity. Thus, this 

hypothesis still needs confirmation with further studies. 

The content and type of extractives also influence the biodegradability of LMs (Tajmirriahi et 

al., 2021a). Extractives include primary substrates for the AD process, such as non-structural 

sugars, proteins and fats, but also phenolic compounds, which negatively affected the AD of 

LMs (Tajmirriahi et al., 2021a, 2021b). In particular, Kayembe et al. (2013) showed that the 

number of hydroxyl groups on the aromatic compounds was inversely related to the toxicity of 

the phenolic monomers during AD. HS is indeed an extractive-rich LM (Table 4.2), with 

polyphenols representing 7% of the overall composition (Spagnuolo et al., 2021). A selective 

polyphenols removal from HS before AD can, thus, provide the dual benefit of recovering 

valuable compounds and removing inhibitors for the subsequent valorisation process 

(Covarrubias-García and Arriaga, 2022; Metsämuuronen and Sirén, 2019). 

4.4.3 Scale-up perspective of the NMMO pretreatment: economical, energetic and 

environmental remarks 

In the present study, the NMMO pretreatment under improved operating conditions enhanced 

the BMP of AS and HS (Table 4.4). Nevertheless, a preliminary energy assessment 

demonstrated that a considerable extra methane production is required to counterbalance the 

pretreatment costs. This analysis showed that only the NMMO pretreated HS led to an energetic 

advantage (i.e. ∆E = 0.40 kWh/kg VS, at best) in the bioconversion process (Table 4.5). On the 

other hand, Mancini et al. (2016b) did not achieve any energy gain by treating the same 

substrate with an 85% NMMO solution. 

The energy gain obtained in the present study can be theoretically extended to the global 

production of hazelnuts, i.e. 512,100 tons/year (International Nut and Dried Fruit Council 

Foundation, 2021), considering a correction factor of 0.03 to take into account the percentage 

(w/w) of the whole fruit becoming a waste (Spagnuolo et al., 2021). A preliminary economic 

evaluation considering the energy average world price of 0.14 $/kWh (Bianco et al., 2021b) 

estimates an economic gain of roughly 75 million $/year by pretreating the HS under the 

operating conditions proposed in the present study. 
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A preliminary energetic and economic analysis is essential to evaluate the feasibility of using 

the NMMO pretreatment. Nevertheless, when evaluating the implementation of the 

pretreatment on an industrial scale, further aspects should be considered. For instance, the 

washing of the LMs and the recovery and reuse of the solvent are crucial aspects to reduce the 

costs of NMMO pretreatment. NMMO is indeed an expensive reagent, but has the advantage 

of being environmentally friendly and efficiently recoverable (up to 99%) (Satari et al., 2019). 

NMMO can be recovered by evaporating the extra water used to wash the LMs. Shafiei et al. 

(2011) showed that multistage evaporation units are up to 80% more efficient than a single 

stage for energy savings. In particular, the costs for water evaporation greatly increase when 

concentrating NMMO from 70 to 86% (Shafiei et al., 2011). The strong hydrogen bonds 

between water and NMMO require a further elevation of the evaporating temperature by 30 °C 

to obtain the 86% NMMO solution (Shafiei et al., 2011), increasing the process costs and the 

risk for NMMO degradation and side reactions (Guo et al., 2021). Therefore, using the 73% 

NMMO solution proposed in the present study rather than the most commonly investigated 

85% NMMO solution for LMs pretreatment could offset the overall costs of the NMMO 

pretreatment process.  

The effectiveness of recovered NMMO is still debated and seems to be related to the initial 

chemical composition of the LM. Recovered NMMO was effective on pure cellulose and barley 

straw (Jeihanipour et al., 2010; Kabir et al., 2014). On the other hand, the effectiveness was up 

to 55% lower for forest residues (Kabir et al., 2014). The lower performance of recovered 

NMMO seems to be related to the presence of extractives such as tannins, phenols and acid 

resins hydrolysed during the pretreatment. Therefore, the suggestion of recovering these 

compounds before pretreating the substrates for AD is furtherly endorsed. It is also fair to point 

out that Kabir et al. (2014) performed a much longer (i.e. 30 h) NMMO pretreatment compared 

to that of the present study, and the use of propyl gallate to stabilise the reaction was not reported 

in that study. Therefore, the failure of reusing the NMMO solution shown by Kabir et al. (2014) 

for forest residues is likely to be due to the solvent degradation caused by side reactions 

occurring during the pretreatment (Guo et al., 2021). 

The techno-economic study proposed by Teghammar et al. (2014) revealed that the amount of 

LMs treated by the NMMO unit is another crucial aspect of the process. In that study, the 

pretreatment of at least 50000 tons (dried weight) of forest residues per year allowed an efficient 

NMMO pretreatment. Apart from the economic perspective, environmental impact is a critical 
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aspect when dealing with the pretreatment of LMs. In particular, NMMO pretreatment was 

compared with steam explosion via life cycle assessment, showing that the bioenergy gain due 

to NMMO pretreatment is more environmentally sustainable in terms of resources, climate 

change, ecosystem quality, and human health (Khoshnevisan et al., 2016). 

The NMMO treatment also has the advantage of being already a well-known process on an 

industrial scale since it is worldwide used in the Lyocell process in the textile industry 

(Wikandari et al., 2016). To the best of the authors’ knowledge, the NMMO pretreatment has 

not yet been implemented on an industrial scale for LMs pretreatment. Nevertheless, in that 

perspective, using a less concentrated NMMO solution would make the process for LMs 

pretreatment more similar to the Lyocell process, where the NMMO concentrations range from 

60 to 75%, which means working with technologies already applied on an industrial scale 

(Wikandari et al., 2016). 

4.5 Conclusion 

Swelling mode (i.e. 73%) NMMO pretreatment is an effective technique to increase the 

methane production potential of AS and HS. The pretreatment time was a key parameter, 

resulting in different effects on chemical composition, physical characteristics and methane 

production potential of the LMs involved in the study. Of the three LMs, AS and HS were 

positively impacted after pretreatment improving the extraction of potential energy through 

methane production by 58 and 51%, respectively. The NMMO pretreatment increased the BMP 

of AS up to 86.1 mL CH4/g VS. Nevertheless, the energy balance revealed that the extra 

methane produced did not compensate for the pretreatment costs. No significant change in the 

BMP of SCG was observed, despite the higher sugar percentage and WRC. On the other hand, 

NMMO pretreatment enhanced the AD from HS, increasing the methane production by 14, 31, 

and 51% after 1, 3, and 5 h pretreatment, respectively. The methane gain was the consequence 

of an increased sugar concentration, lower lignin content and LOI, and higher porosity. In 

addition, the loss of phenolic compounds may have positively influenced the AD process. The 

energetic balance revealed that the NMMO pretreatment is attractive for HS, showing a positive 

energy gain of 0.18 and 0.40 kWh/kg VS for 3 h and 5 h pretreated HS, respectively. This study 

opened new perspectives for the valorisation of emerging LMs, such as nut residues. In 

particular, the abundance of extractives in the LM here investigated is thus far an understudied 

aspect and will benefit from further studies on their role in AD. 
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Chapter 5  

Ultrasounds application for nut and coffee wastes valorisation via 

biomolecules solubilisation and methane production 

A modified version of this chapter has been submitted for publication in Waste Management 

journal. 
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Abstract  

Lignocellulosic materials (LMs) are abundant feedstocks with excellent potential for biofuels 

and biocommodities production. In particular, nut and coffee wastes are rich in biomolecules, 

e.g. sugars and polyphenols, the valorisation of which still has to be fully disclosed. This study 

investigated the effectiveness of ultrasounds coupled with hydrothermal (i.e. ambient 

temperature vs 80 °C) and methanol (MeOH)-based pretreatments for polyphenols and sugar 

solubilisation from hazelnut skin (HS), almond shell (AS), and spent coffee grounds (SCG). 

The liquid fraction obtained from the pretreated HS was the most promising in terms of 

biomolecules solubilisation. The highest polyphenols, i.e. 123.9 (± 2.3) mg/g TS, and sugar, i.e. 

146.0 (± 3.4) mg/g TS, solubilisation was obtained using the MeOH-based medium. However, 

the MeOH-based media were not suitable for direct anaerobic digestion (AD) due to the MeOH 

inhibition during AD. The water-based liquors obtained from pretreated AS and SCG exhibited 

a higher methane production potential, i.e. 434.2 (± 25.1) and 685.5 (± 39.5) mL CH4/g 

glucosein, respectively, than the HS liquors despite having a lower sugar concentration. The 

solid residues recovered after ultrasounds pretreatment were used as substrates for AD as well. 

Regardless the pretreatment condition, the methane production potential of the ultrasounds 

pretreated HS, AS, and SCG was not improved, achieving maximally 255.4 (± 7.4), 42.8 (± 

3.3), and 366.2 (± 4.2) mL CH4/g VS, respectively. Hence, the solid and liquid fractions 

obtained from HS, AS, and SCG showed great potential either as substrates for AD or, in 

perspective, for biomolecules recovery in a biorefinery context. 
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5.1 Introduction 

The search for alternative sources of energy is a crucial aspect to guarantee the sustainable 

development of human activities. In this perspective, recovery and valorisation of waste 

materials, e.g. lignocellulosic materials (LMs), offers a great opportunity (Velvizhi et al., 2022). 

LMs are abundant wastes produced during agricultural, municipal and industrial activities 

(Koupaie et al., 2019). LMs are mainly composed of cellulose, hemicellulose, and lignin linked 

together in a complex structure that hinders their decomposition and valorisation. In particular, 

the presence of lignin creates a physical barrier around cellulose and hemicellulose sugars (Xu 

et al., 2019). Apart from those three main biopolymers, depending on the specific characteristics 

of the LM, these substrates can be rich in valuable biomolecules, such as polyphenols, low 

molecular sugars, protein, and oils (Mirmohamadsadeghi et al., 2021). 

Nuts and coffee wastes, in particular, are emerging as a new source of valuable products besides 

having a high methane production potential (Battista et al., 2021; Oliva et al., 2021; Shen et al., 

2018). The cultivation of nut trees is mainly located in USA, Turkey and China. Nevertheless, 

nuts are exported worldwide, either with or without the shell (International Nut and Dried Fruit 

Council Foundation, 2021). The edible part of nuts only represents a small portion compared 

to the amount of wastes, i.e. shells, leaves, husks, and skins, generated during the harvesting 

season (Shen et al., 2018). In some cases, e.g. almonds, the shell represents over 50% of the 

overall fruit mass (Queirós et al., 2020). Coffee trees are mainly cultivated in Africa, South and 

Central America (International Coffee Organization (ICO), 2020). A considerable amount of 

waste is produced along the coffee production chain. Firstly, the outer skin, pulp, parchment, 

and silver skin are removed from the coffee beans, generally in the production country. After 

that, coffee is exported worldwide generally as green beans. Coffee beans are usually roasted 

and ground in loco before being packed to be sold (Murthy and Naidu, 2012). The waste 

production behind a cup of coffee continues with the beverage production. The spent coffee 

grounds generation amounts to roughly 6 million tons per year (Battista et al., 2021). 

Anaerobic digestion (AD) is an advantageous and widely explored process for LMs 

valorisation. During the first stage of AD, carbohydrates, proteins and lipids are hydrolysed 

into sugars, amino acids, and long-chain fatty acids (Bianco et al., 2021a). The hydrolysis stage 

is considered the limiting step for AD of LMs due to recalcitrance caused by lignin protection 

and the complex bonds among cellulose, hemicellulose and lignin (Sawatdeenarunat et al., 

2015). In the second stage, i.e. acidogenesis, the soluble monomers are fermented into alcohols, 
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volatile fatty acids, and hydrogen before being converted into acetate, carbon dioxide and 

hydrogen during the acetogenic stage. During the fourth and last phase, archaea utilise acetic 

acid and hydrogen to produce methane (Li et al., 2019).  

The need to enhance the methane production from LMs has led to the development of several 

pretreatment methods that focus, in the first place, on removing the most recalcitrant 

components, but also on obtaining selected liquid or solid streams that can be further valorised 

following other patterns than AD (Oliva et al., 2022). In this perspective, the use of ultrasounds 

is a promising pretreatment technique. Ultrasounds have been widely used to enhance the 

methane production potential of sludge, digestate and manure (Garoma and Pappaterra, 2018; 

Ormaechea et al., 2018). In addition, this technique has been recently tested on LMs (Korai and 

Li, 2020; Zou et al., 2016b). Ultrasonic waves generate cavitation phenomena in the liquid 

medium that affect the lignocellulosic structure by removing part of the lignin and reducing the 

crystallinity and degree of polymerisation of cellulose. On the other hand, a partial sugar 

hydrolysis can occur (Bundhoo and Mohee, 2018). In addition, an ultrasounds pretreatment can 

be easily combined with other techniques, combining the effect of chemical and physical 

pretreatments (Oliva et al., 2022).  

This study investigated the combination of ultrasounds with thermal and methanol (MeOH)-

based pretreatment on nut and coffee residues, i.e. hazelnut skin (HS), almond shell (AS), and 

spent coffee grounds (SCG). The ultrasounds pretreatment was performed at ambient 

temperature (Tamb) and 80 °C, and the influence of different media, i.e. distilled water and a 

50% (v/v) MeOH solution catalysed by sulfuric acid, on the chemical composition of the solid 

residues and the compounds released in the liquid fraction was studied. Several studies focused 

on obtaining methane via AD from the slurry obtained after a pretreatment. In contrast, this 

study aimed to disclose the optimal route for each solid and liquid fraction recovered after the 

pretreatment of HS, AS, and SCG, based on their specific composition. The liquid fraction 

obtained after ultrasounds pretreatment was characterised in terms of sugar and polyphenolic 

compounds before undergoing AD. The optimal pathway to valorise the liquid fraction obtained 

in the various pretreatment conditions was discussed depending on the specific characteristics 

of the liquor. Raw and pretreated solid residues were subjected to AD as well to understand the 

correlation between the various pretreatment conditions and the methane production potential 

of the solid residues. 
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5.2 Materials and methods 

5.2.1 Substrates and inoculum 

The three substrates selected for the present study, i.e. HS, AS, and SCG, were obtained, 

prepared, and stored according to Oliva et al. (2021) before undergoing AD. Digestate from 

buffalo manure (DBM) was collected from a full-scale AD plant and degassed before being 

used as the inoculum for the experimental activities. The total (TS) and volatile (VS) solid 

content of the inoculum and raw LMs is shown in Table 5.1. 

Table 5.1 – Characterisation of the inoculum, i.e. digestate from buffalo manure (DBM), and raw substrates, i.e. 

hazelnut skin (HS), almond shell (AS), and spent coffee grounds (SCG), in terms of total (TS) and volatile (VS) solid 

content. 

 DBM HS AS SCG 

TS a (%) 5.8 ± 0.0 90.5 ± 0.1 90.2 ± 0.1 90.1 ± 0.2 

VS a (%) 4.0 ± 0.0 87.9 ± 0.1 87.1 ± 0.8 88.5 ± 0.2 

VS/TS (g/g) 0.70 0.97 0.96 0.98 

aTS and VS are based on g/100 g wet matter. 

5.2.2 Ultrasounds pretreatment 

The ultrasounds pretreatment was performed using a DL 510 H ultrasonic bath (Bandelin, 

Berlin, Germany) with frequency, nominal power, and amplitude of 35 kHz, 160 W, and 100%, 

respectively. Two different media were tested for ultrasonic waves diffusion, i.e. distilled water 

and 50% (v/v) water-MeOH solution catalysed by 0.1% (w/v) sulfuric acid (MeOH-based). The 

pretreatment was performed in 250 mL Duran bottles filled with 15 g of LM and 150 mL of 

medium. Four bottles at a time were placed in the ultrasonic bath. The ultrasounds pretreatment 

was performed for 1 h at Tamb and 80 °C. The LMs were shaken manually every 10 min during 

the pretreatment. The energy density (Ed) was calculated following Eq. (5.1), as reported by 

Zou et al. (2016): 

Ed =
P∙t

m∙TS0
                      (5.1) 

where P (W) is the nominal ultrasonic power, t (min) is the pretreatment time exposure, m (kg) 

is the mass of LMs undergoing the pretreatment, and TS0 (g/g) is the total solid content of the 

LMs before the pretreatment. 

After the pretreatment, the solid residues were separated from the liquor using a textile cloth, 

washed with abundant distilled water, and dried at 40 °C before being used as the substrate for 



135 

 

AD. The liquor was taken for characterisation and stored at - 20 °C until evaluation of the 

methane production potential. 

5.2.3 Methane production potential assessment 

The methane production potential of raw and pretreated LMs, as well as the liquors obtained 

under the various pretreatment conditions, was evaluated by performing batch biochemical 

methane potential (BMP) tests in 250 mL serum bottles (OCHS, Bovenden, Germany). The 

bottles were kept under mesophilic, i.e. 37 (± 1) °C, conditions. The anaerobic conditions were 

ensured by flushing the reactors with Argon gas. 

The first set of experiments aimed to evaluate the BMP of raw and the solid fraction of 

pretreated LMs. Each bottle was loaded with 1 g VS from raw or pretreated LMs (liquid phase 

decanted) and 1.5 g VS from DBM. A final solid content of 2.1% TS was achieved by adding 

demineralised water, reaching the final working volume of 150 mL. The second set of 

experiments evaluated the BMP of the liquor obtained after the pretreatment. Each bottle was 

filled with 30 mL of the liquor upon completion of the ultrasounds pretreatment, 1.5 g VS from 

DBM, i.e. 37.2 g, and an amount of demineralised water calculated to reach the same moisture 

as in the first set of experiments, i.e. 2.1% TS, regardless the working volume. Control 

biochemical tests were simultaneously carried out to evaluate the methane production potential 

of the inoculum. In the second experimental set, the methane production potential of the media 

was evaluated to account for the presence of MeOH during batch assays. All experiments were 

performed in triplicate, and the bottles were shaken manually once per day. 

5.2.4 Analytical methods and calculations 

The TS and VS content of the inoculum and raw and pretreated LMs was measured according 

to the standard methods (APHA AWWA, 2005). The chemical composition, i.e. total 

extractives, structural sugars, lignin, and ashes, of raw and pretreated substrates was determined 

by Celignis Limited (Limerick, Ireland), as previously described by Oliva et al. (2021).  

The substrate solubilisation was calculated by comparing the amount of TS from raw and 

pretreated substrates following Eq. (5.2).  

Substrate solubilisation (%) =
TSraw-TSpretreated

TSraw
∙ 100                (5.2) 

where TSraw and TSpretreated is the amount (g) of TS from each substrate before and after the 

ultrasounds pretreatment. 
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A mass balance assessment was performed considering the percentage of substrate solubilised 

and the chemical composition measured before and after each pretreatment. The balance returns 

the amount (g) of each lignocellulosic component present in the raw substrate and the solid 

fraction recovered after the ultrasounds pretreatment. 

The liquor obtained from the ultrasounds pretreatment was collected for pH measurement and 

determination of soluble polyphenols and sugar concentration. The pH of the liquor was 

measured with a HI-98103 pH meter (Hanna Instruments, Woonsocket, USA). The 

concentration of soluble polyphenols was determined following the Folin-Ciocalteu (F-C) 

method, according to Cubero-Cardoso et al. (2020). The absorbance was read at 655 nm using 

a V-530 UV/VIS spectrophotometer (Jasco, Tokyo, Japan). The total sugar concentration was 

measured according to the Dubois method (Dubois et al., 1956) using a 7600 UV-Vis 

spectrophotometer (Xylem, Weilheim, Germany) to read the absorbance at 492 nm. The 

polyphenols and sugar concentrations were determined using phenol crystals (C6H6O) and 

glucose (C6H12O6) as the standards for the calibration curve, respectively. 

The methane production from the first set of experiments was quantified volumetrically using 

a water displacement apparatus consisting of a Drechsel bottle and a glass cylinder (Glass 

Studio, Naples, Italy) connected by a capillary tube, as described by Papirio (2020). The 

Drechsel bottle was filled with a 12% NaOH solution used for carbon dioxide sequestration. 

The glass cylinder was used to measure the volume of water displaced by the methane that 

surpassed the carbon dioxide trap. The water displaced corresponds to the amount (mL) of 

methane produced between two measuring points (Filer et al., 2019). In the second set of 

experiments, a different method was used to measure the methane production from the liquor 

obtained after the ultrasounds pretreatment. The biogas production was evaluated 

manometrically, as described by Oliva et al. (2021). The gas composition was determined with 

a HPR-20 RD mass spectrometer (Hiden Analytical, Warrington, UK) equipped with a capillary 

tube heated at 140 °C and capable of analysing 0.8 ml/min of the gas mixture accumulated in 

the headspace of the serum bottles.  

The net cumulative methane production from the two sets of experiments was calculated as the 

average of the biological triplicates after subtracting the average methane production of the 

controls. The methane production potential of the raw LMs and the solid residues recovered 

after ultrasounds pretreatment was expressed as mL CH4/g VS, whereas the methane production 

from the liquors was reported as mL CH4/100 mL liquor. The methane production potential of 
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the liquors was also calculated per grams of initial glucose from the liquid fraction (i.e. mL 

CH4/g glucosein) for a better understanding of the efficiency of the substrate utilisation during 

AD. Methane production was recorded regularly until the daily accumulation was below the 

negligible threshold in all bottles, i.e. 1% of the cumulative production (Holliger et al., 2016).  

5.2.5 Model fitting 

The experimental data obtained from the BMP tests digesting raw LMs and the solid residues 

recovered after the ultrasounds pretreatment were compared with a modified Gompertz model 

(Mancini et al., 2018). The kinetics of methane production were estimated following Eq. (5.3): 

G(t) = Gm ∙ exp {-exp [
Rm∙e

Gm
∙ (λ-t) + 1]}                            (5.3) 

where Gm (mL CH4/g VS) and Rm (mL CH4/g VS/d) are, respectively, the maximum specific 

methane production potential and rate assessed with the model, λ (d) is the lag phase time, t (d) 

is the time of the AD process, G(t) (mL CH4/g VS) is the cumulative specific methane 

production achieved at t (d), and e = exp (1). 

The model fitting was conducted using the Origin2018 software (OriginLab Corporation, 

Northampton, USA). The correlation coefficient (r2) between experimental and model data was 

obtained with the Excel 2016 software (Microsoft Corporation, Redmond, USA). 

5.2.5 Statistical comparison 

The significance of the changes in BMP, as well as polyphenols and sugar solubilised, among 

the various pretreatment conditions was evaluated using Minitab 17 Statistical Software 

(Minitab LCC, USA). A one-way analysis of variance (ANOVA) was perfromed followed by 

the Tukey post hoc test. The difference was considered statistically significant when the p-value 

was below 0.05. 

5.3 Results 

5.3.1 Polyphenols and sugar solubilisation using ultrasounds 

Table 5.2 shows that HS solubilisation increased with ultrasounds temperature and was higher 

when using the MeOH-based medium. The maximum solubilisation (i.e. 23.5%) was achieved 

when applying ultrasounds at 80 °C in the MeOH-based medium. In contrast, the application 

of ultrasounds did not affect AS solubilisation (Table 5.2). The highest solubilisation for AS 

was 6.4%. Regarding SCG (Table 5.2), increasing the pretreatment temperature enhanced the 

substrate solubilisation by 35 and 26% in water and MeOH-based medium, respectively. On 
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the contrary, the medium composition had only a minor impact for SCG. The maximum SCG 

solubilisation (i.e. 20.8%) was obtained at 80 °C in water. The pH of the liquors obtained after 

applying ultrasounds is reported in Table 5.2. 

The HS liquor showed the highest concentration of released polyphenols and sugar. In 

particular, 11.48 (± 0.07) and 11.21 (± 0.21) g polyphenol/L were measured in the liquor when 

using the MeOH-based medium at Tamb and 80 °C, respectively. On the other hand, the 

pretreatment temperature enhanced polyphenols solubilisation when using H2O as the medium. 

The polyphenols concentration was 4.83 (± 0.02) g/L after ultrasounds at Tamb, whereas it 

increased to 7.24 (± 0.11) g/L when the temperature was 80 °C. The sugar concentration 

measured in the liquor followed the same trend as polyphenols. Using the MeOH-based 

medium, ultrasounds solubilised 12.91 (± 0.23) and 13.22 (± 0.30) g sugar/L at Tamb and 80 °C, 

respectively. Water was less effective than the MeOH-based medium, resulting in 6.49 (± 0.81) 

and 9.89 (± 0.33) g sugar/L at Tamb and 80 °C, respectively. 

Polyphenols solubilisation from AS was greatly influenced by the pretreatment temperature and 

medium composition, yet significantly lower than what achieved with HS (p < 0.05) (Table 

5.2). The highest polyphenols concentration, i.e. 0.45 (± 0.01) g/L, was measured in the MeOH-

based liquor obtained at 80 °C. At the same temperature, the water medium allowed to solubilise 

only 0.24 (± 0.01) g polyphenols/L from AS. A lower impact of the ultrasounds conditions was 

observed on the sugar solubilisation from AS (Table 5.2). The use of the MeOH-based medium 

at 80 °C was the most performing condition, resulting in 2.94 (± 0.08) g sugar/L, whereas water 

at Tamb solubilised 1.96 (± 0.17) g sugar/L. 

Polyphenols and sugar solubilisation from SCG was influenced by the temperature and medium 

during the ultrasounds pretreatment (Table 5.2). Similarly to AS, the use of the MeOH-based 

medium at 80 °C resulted in the highest polyphenols concentration in the liquor, i.e. 0.78 (± 

0.02). On the contrary, using water at 80 °C was the most effective condition for sugar 

solubilisation from SCG, i.e. 2.72 (± 0.07) g sugar/L. The pretreatment temperature greatly 

influenced the solubilisation of polyphenols and sugar from SCG when using water as the 

medium, whereas it had a lower impact in the case of the MeOH-based medium (Table 5.2).  
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Table 5.2 – Substrate solubilisation efficiency after ultrasounds, pH of the liquor, and polyphenols and sugars solubilised through ultrasounds using different media, i.e. distilled 

water and a 50% (v/v) methanol (MeOH) solution catalysed by 0.1% (w/v) sulfuric acid, at different temperatures, i.e. ambient temperature (Tamb) and 80 °C. The polyphenols 

and sugars are expressed as concentration measured in the liquor and as milligrams of biomolecule solubilised per gram of dry lignocellulosic material undergoing ultrasounds 

pretreatment.  

Substrate 
Pretreatment 

condition 

Substrate 

solubilisation 

(%) 

pH 
Polyphenols          

(g/L) 

Polyphenols          

(mg/g TS) 

Statistical 

information a 

Sugars                  

(g glucose/L) 

Sugars                  

(mg glucose/g TS) 

Statistical 

information a 

Hazelnut 

skin 

H2O Tamb 14.6 ± 1.4 5.4 4.83 ± 0.02 53.4 ± 0.2 c 6.49 ± 0.81 71.7 ± 9.0 c 

H2O 80 °C 17.2 ± 0.2 5.1 7.24 ± 0.11 80.0 ± 1.2 b 9.89 ± 0.33 109.3 ± 3.7 b 

MeOH Tamb 19.3 ± 0.1 3.7 11.48 ± 0.07 126.9 ± 0.7 a 12.91 ± 0.23 142.6 ± 2.5 a 

MeOH 80 °C 23.5 ± 0.4 4 11.21 ± 0.21 123.9 ± 2.3 a 13.22 ± 0.30 146.0 ± 3.4 a 

Almond 

shell 

H2O Tamb 5.7 ± 0.2 5.1 0.07 ± 0.00 0.7 ± 0.0 d 1.96 ± 0.17 21.7 ± 1.8 c 

H2O 80 °C 5.6 ± 0.0 4.9 0.19 ± 0.00 2.1 ± 0.0 c 2.47 ± 0.06 27.3 ± 0.6 b 

MeOH Tamb 5.6 ± 0.0 2.4 0.24 ± 0.01 2.7 ± 0.1 b 2.04 ± 0.04 22.6 ± 0.5 c 

MeOH 80 °C 6.4 ± 0.1 2.5 0.45 ± 0.01 5.0 ± 0.1 a 2.94 ± 0.08 32.6 ± 0.8 a 

Spent 

coffee 

grounds 

H2O Tamb 15.4 ± 0.2 5.2 0.34 ± 0.02 3.8 ± 0.2 d 1.50 ± 0.08 16.7 ± 0.9 c 

H2O 80 °C 20.8 ± 0.3 4.6 0.57 ± 0.02 6.3 ± 0.2 c 2.72 ± 0.07 30.2 ± 0.8 a 

MeOH Tamb 15.1 ± 0.5 3.3 0.65 ± 0.01 7.2 ± 0.1 b 1.72 ± 0.07 19.1 ± 0.7 b 

MeOH 80 °C 19.1 ± 0.1 3.2 0.78 ± 0.02 8.6 ± 0.2 a 1.89 ± 0.07 21.0 ± 0.8 b 

a Significant difference, i.e. p < 0.05, occurs when two conditions do not share letters.
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5.3.2 Liquor valorisation through anaerobic digestion 

The liquor recovered after the ultrasounds pretreatment was used as the substrate for AD. 

Despite the low pH of the liquors (Table 5.2), once mixed with the inoculum, all BMP tests 

started at a pH ranging between 7.6 and 8.0 (Table 5.3). The gas compositional analysis 

revealed that only methane and carbon dioxide were produced during AD (data not shown). 

The BMP of water-based liquors significantly increased with the pretreatment temperature (p 

< 0.05) for AS and SCG, whereas no significant difference for HS (p > 0.05) was observed 

(Figure 5.1). The water-based liquors recovered after the HS pretreatment produced 85.3 (± 

12.2) and 79.9 (± 5.6) mL CH4/100 mL liquor when the ultrasounds pretreatment was 

performed at Tamb and 80 °C, respectively (Figure 5.1). The water-based liquors obtained from 

AS and SCG showed an increased BMP by 27 and 56% when the pretreatment occurred at 80 

°C, achieving 107.0 (± 6.2) and 160.9 (± 16.6) mL CH4/100 mL liquor, respectively (Figure 

5.1). The cumulative production (Figure 5.1) showed that no methane was produced when the 

MeOH-based medium was used for ultrasounds diffusion, regardless the LM and the 

temperature used during the ultrasounds pretreatment. 

 

Figure 5.1 – Methane production potential of the liquor recovered after the ultrasounds pretreatment of hazelnut 

skin (HS), almond shell (AS), and spent coffee grounds (SCG) performed at ambient temperature (Tamb) and 80 

°C using different media, i.e. distilled water and a 50% (v/v) methanol (MeOH) solution catalysed by 0.1% (w/v) 

sulfuric acid.  
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Table 5.3 – pH measured in the bottles digesting the liquid fraction from ultrasounds pretreatment at day 0 of observation and methane production potential with related 

statistical information of the liquid fractions expressed either as methane per 100 mL of liquor or as methane per gram of glucose added from the liquor.  

Substrate 
Pretreatment 

condition 

Initial 

pH 

Methane 

production 

potential 

(mL/100 mL liquor) 

Statistical 

information a 

Liquorin 

(mL) 

Glucosein              

(g) 

Methane 

production 

potential 

(mL/g glucosein) 

Statistical 

information a 

Hazelnut 

Skin  

liquor 

H2O Tamb 8.0 ± 0.0 85.3 ± 12.2 a 30 0.19 131.5 ± 18.7 a 

H2O 80 °C 7.9 ± 0.1 79.9 ± 5.6 a 30 0.30 80.8 ± 5.6 b 

MeOH Tamb 7.8 ± 0.1 0.0 ± 2.0 b 30 0.39 0.0 ± 1.6 c 

MeOH 80 °C 7.9 ± 0.1 0.0 ± 0.7 b 30 0.40 0.0 ± 0.6 c 

Almond 

Shell 

liquor 

H2O Tamb 7.9 ± 0.1 84.4 ± 2.6 b 30 0.06 431.6 ± 13.2 a 

H2O 80 °C 7.9 ± 0.1 107.0 ± 6.2 a 30 0.07 434.2 ± 25.1 a 

MeOH Tamb 7.7 ± 0.1 0.0 ± 0.5 c 30 0.06 0.0 ± 2.3 b 

MeOH 80 °C 7.7 ± 0.1 0.0 ± 0.6 c 30 0.09 0.0 ± 2.1 b 

Spent 

Coffee 

Grounds 

liquor 

H2O Tamb 7.9 ± 0.1 102.9 ± 5.9 b 30 0.05 685.5 ± 39.5 a 

H2O 80 °C 7.9 ± 0.0 160.9 ± 16.6 a 30 0.08 590.5 ± 60.8 a 

MeOH Tamb 7.7 ± 0.1 0.0 ± 0.5 c 30 0.05 0.0 ± 2.7 b 

MeOH 80 °C 7.8 ± 0.1 1.2 ± 0.1 c 30 0.06 6.1 ± 0.6 b 

a Not sharing letters means that the condition was significantly different (p < 0.05) than the compared condition.
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5.3.3 Impact of ultrasounds on the chemical composition of hazelnut skin, almond shell and 

spent coffee grounds solid residues 

The compositional analysis (Table 5.4) revealed that, among the three untreated LMs, HS and 

AS have the highest lignin content, i.e. 39.7 (± 0.1) and 37.0 (± 0.4) g/100 g TS, respectively, 

whereas SCG has a lignin content of 18.7 (± 0.4) g/100 g TS. On the other hand, the untreated 

SCG is rich in structural sugars, i.e. 43.2 (± 0.1) g/100 g TS, with mannan (i.e. 54.4%), glucan 

(i.e. 21.8%), and galactan (i.e. 19.9%) being the most abundant. The overall sugar content of 

AS is 41.2 (± 0.1) g/100 g TS. The sugar speciation showed that xylan (i.e. 63.8%) is dominant 

in AS, and glucan (i.e. 31.3%) is the second most abundant sugar. The untreated HS has only 

13.7 (± 0.1) g/100 g TS of structural sugars, mainly glucan (i.e. 74.5%). Apart from lignin and 

structural sugars, the total extractives represent 35.0 (± 0.0) and 29.0 (± 0.5) g/100 g TS of the 

overall dry matter of untreated HS and SCG, respectively. On the contrary, the total extractives 

content of untreated AS is 7.5 (± 0.1) g/100 g TS. 

The ultrasounds pretreatment removed up to 13.1% of the total extractives from HS (Table 5.4). 

The increase in the pretreatment temperature enhanced the removal of total extractives from 

HS (p < 0.05), regardless the medium. The lignin content in the pretreated HS decreased (p < 

0.05) up to 10.5%. Consequently, the content of structural sugars increased (p < 0.05) up to 

17.1 (± 0.1) g/100 g TS after ultrasounds pretreatment of HS at 80 °C (Table 5.4). The mass 

balance assessment (Table 5.5) confirmed the solubilisation of extractives and lignin from HS 

under all the pretreatment conditions tested in this study. On the other hand, the solubilisation 

of structural sugars from HS was observed only at Tamb (Table 5.5).  

Regarding AS and SCG (Table 5.4), the ultrasounds pretreatment reduced by 50.7 (p < 0.05) 

and 18.6% (p < 0.05) the extractives percentage, respectively (Table 5.4). On the other hand, 

structural sugars and lignin concentrations measured in the pretreated AS and SCG were higher 

(p < 0.05) or comparable (p > 0.05) with the raw substrates, regardless the pretreatment 

condition (Table 5.4). The mass balance assessment (Table 5.5) showed that the lignin removal 

from AS and SCG was minimal compared to HS. In contrast, all pretreatment conditions 

enabled the removal of total extractives from AS and SCG. The solubilisation of structural 

sugars from SCG increased with the pretreatment temperature and was higher when using the 

MeOH-based medium (Table 5.5). On the other hand, the trend for the solubilisation of 

structural sugars from AS was not clearly identified. 
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5.3.4 Methane production potential of the substrates before and after ultrasounds pretreatment 

The solid residues obtained after the ultrasounds pretreatment were used as the substrates for 

AD and compared with the raw LMs. The pretreated HS showed a lower BMP than raw HS 

(Figure 5.2A). Raw HS produced 255.5 (± 2.8) mL CH4/g VS. The HS pretreated using water 

as the medium for the ultrasounds pretreatment at Tamb and 80 °C lost 10 and 9% of the BMP 

(p < 0.05), achieving 228.9 (± 8.4) and 232.6 (± 6.4) mL CH4/g VS, respectively. On the other 

hand, the ultrasounds pretreatment in the MeOH-based medium did not significantly (p > 0.05) 

affect the BMP of HS. The AD kinetic parameters did not improve after the applied ultrasounds 

pretreatment, being comparable to or worse than those obtained with the raw HS (Table 5.6). 

The highest methane production from AS was obtained from the raw substrate, i.e. 50.6 (± 0.2) 

mL CH4/g VS (Figure 5.2B). The AS residues after the ultrasounds pretreatment showed a 

significantly lower (p < 0.05) BMP than that of the raw substrate. No significant difference (p 

> 0.05) in the residual BMP from AS among the ultrasounds pretreatment conditions was 

observed, showing a decrease ranging from 15 to 22%. All kinetic parameters were negatively 

affected by the ultrasounds pretreatment. In particular, λ was considerably higher than for raw 

AS (Table 5.6). 

The SCG was the only solid residue in this study that benefited from the ultrasounds 

pretreatment. The highest methane production, i.e. 366.2 (± 4.2) mL CH4/g VS, was measured 

from the SCG pretreated with ultrasounds in water at Tamb (Figure 5.2C). Although the 

statistical comparison revealed that the difference in BMP was not significant (p > 0.05), the 

kinetic parameters showed an increase in the methane production rate from 9 to 13%, depending 

on the specific ultrasounds condition (Table 5.6).  
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Table 5.4 – Chemical composition of untreated and ultrasounds pretreated substrates expressed as total extractives, total structural sugars (i.e. glucan, xylan, mannan, arabinan, 

galactan, and rhamnan), total lignin, and ashes content. HS: hazelnut skin, AS: almond shell, and SCG: spent coffee grounds. Pretreatment media: distilled water and a 50% 

(v/v) methanol (MeOH) solution catalysed by 0.1% (w/v) sulfuric acid. Pretreatment temperature: ambient temperature (Tamb) and 80 °C.  

Substrate 
Pretreatment 

condition 

Total 

Extractives a 

(%) 

Total 

Structural 

Sugars a, b 

(%) 

Total 

Lignin a, c 

(%) 

Ashes a 

(%) 

Unknown a, d 

(%) 

Structural sugars speciation 

Glucan a 

(%) 

Xylan a 

(%) 

Mannan a 

(%) 

Arabinan a 

(%) 

Galactan a 

(%) 

Rhamnan a 

(%) 

HS 

untreated 35.0 ± 0.0 13.7 ± 0.1 39.7 ± 0.1 2.7 ± 0.1 8.9 ± 0.1 10.2 ± 0.1 1.0 ± 0.0 0.3 ± 0.0 0.7 ± 0.0 0.9 ± 0.0 0.7 ± 0.0 

H2O Tamb 34.0 ± 0.0 14.0 ± 0.5 35.6 ± 0.2 2.1 ± 0.1 14.4 ± 0.14 10.6 ± 0.2 0.7 ± 0.0 0.2 ± 0.0 0.7 ± 0.1 1.0 ± 0.0 0.8 ± 0.1 

H2O 80 °C 32.3 ± 0.5 17.1 ± 0.5 38.5 ± 0.4 1.6 ± 0.1 10.5 ± 0.6 11.4 ± 0.2 1.9 ± 0.2 0.4 ± 0.0 1.2 ± 0.0 1.2 ± 0.0 1.0 ± 0.1 

MeOH Tamb 33.8 ± 0.2 14.5 ± 0.6 36.2 ± 0.6 1.5 ± 0.0 14.1 ± 0.7 11.0 ± 0.4 0.8 ± 0.1 0.2 ± 0.0 0.7 ± 0.1 1.0 ± 0.0 0.8 ± 0.0 

MeOH 80 °C 30.4 ± 0.2 17.1 ± 0.1 36.4 ± 0.4 1.6 ± 0.1 14.5 ± 0.5 12.8 ± 0.1 1.0 ± 0.1 0.3 ± 0.1 0.8 ± 0.0 1.2 ± 0.1 0.9 ± 0.1 

AS 

untreated 7.5 ± 0.1 41.2 ± 0.1 37.0 ± 0.4 1.6 ± 0.1 12.6 ± 0.7 12.9 ± 0.2 26.3 ± 0.5 0.1 ± 0.0 0.7 ± 0.1 1.1 ± 0.1 0.2 ± 0.0 

H2O Tamb 3.8 ± 0.1 40.6 ± 0.3 41.9 ± 0.3 0.5 ± 0.2 13.2 ± 0.4 12.4 ± 0.2 25.4 ± 0.1 0.0 ± 0.0 0.9 ± 0.0 1.3 ± 0.0 0.6 ± 0.0 

H2O 80 °C 6.5 ± 0.5 43.4 ± 0.2 39.0 ± 0.2 0.1 ± 0.0 10.9 ± 0.6 16.2 ± 0.1 24.1 ± 0.0 0.0 ± 0.0 1.3 ± 0.0 1.4 ± 0.0 0.5 ± 0.0 

MeOH Tamb 3.7 ± 0.2 44.5 ± 0.3 41.1 ± 0.7 0.6 ± 0.2 10.2 ± 0.7 14.7 ± 0.1 27.4 ± 0.4 0.0 ± 0.0 0.9 ± 0.0 1.3 ± 0.0 0.3 ± 0.0 

MeOH 80 °C 4.0 ± 0.3 40.3 ± 0.1 41.8 ± 0.2 0.3 ± 0.1 13.7 ± 0.5 13.5 ± 0.1 24.9 ± 0.1 0.0 ± 0.0 0.6 ± 0.0 1.0 ± 0.0 0.3 ± 0.1 

SCG 

untreated 29.0 ± 0.5 43.2 ± 0.1 18.7 ± 0.4 1.4 ± 0.2 7.7 ± 0.7 9.4 ± 0.1 0.3 ± 0.1 23.5 ± 0.2 1.5 ± 0.0 8.6 ± 0.0 0.0 ± 0.0 

H2O Tamb 24.5 ± 0.4 47.1 ± 0.2 21.6 ± 0.3 1.0 ± 0.1 5.9 ± 0.5 9.5 ± 0.0 0.1 ± 0.0 26.0 ± 0.2 1.7 ± 0.0 9.8 ± 0.0 0.0 ± 0.0 

H2O 80 °C 26.2 ± 0.2 43.5 ± 0.3 20.9 ± 0.4 0.6 ± 0.0 8.9 ± 0.5 9.2 ± 0.1 0.1 ± 0.0 23.8 ± 0.2 1.4 ± 0.1 9.0 ± 0.0 0.0 ± 0.0 

MeOH Tamb 23.6 ± 0.0 48.6 ± 0.1 21.1 ± 0.3 0.1 ± 0.0 6.6 ± 0.5 9.6 ± 0.3 0.1 ± 0.0 26.8 ± 0.2 1.8 ± 0.0 10.2 ± 0.2 0.1 ± 0.0 

MeOH 80 °C 24.6 ± 0.1 46.0 ± 0.0 20.5 ± 0.0 0.1 ± 0.0 8.9 ± 0.6 9.8 ± 0.0 0.2 ± 0.1 25.3 ± 0.1 1.6 ± 0.0 9.1 ± 0.1 0.0 ± 0.0 

a Based on the dry matter (g/100 g TS). 

a Total structural sugars are obtained as the sum of glucan, xylan, mannan, arabinan, galactan, and rhamnan. 

b Total lignin is calculated as the sum of acid soluble lignin and Klason lignin (Sluiter et al., 2008). 

c The unknown matter is calculated as the complement to 100 of the other components. 
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Table 5.5 – Mass balance assessment considering the full extractives, total structural sugars, total lignin, ashes, and unknown matter measured before and after ultrasounds 

pretreatment. 

Substrate 
Pretreatment 

Condition 

Initial 

substrate               

(g) 

Substrate 

solubilisation          

(%) 

Substrate 

loss                     

(g)  

Solid fraction 

recovered 

(g) 

Full 

Extractives 

(g) 

Total 

Structural 

Sugars  

(g) 

Total 

Lignin 

 (g) 

Ashes         

(g) 

Unknown          

(g) 

Hazelnut 

Skin 

Raw 15 0 0.0 15.0 5.3 2.1 5.9 0.4 1.3 

H2O_Tamb 15 14.60 2.2 12.8 4.4 1.8 4.6 0.3 1.8 

H2O_80 °C 15 19.33 2.9 12.1 3.9 2.1 4.7 0.2 1.3 

MeOH_Tamb 15 17.16 2.6 12.4 4.2 1.8 4.5 0.2 1.7 

MeOH_80 °C 15 23.51 3.5 11.5 3.5 2.0 4.2 0.2 1.7 

Almond 

Shell 

Raw 15 0.00 0.0 15.0 1.1 6.2 5.6 0.2 1.9 

H2O_Tamb 15 5.74 0.9 14.1 0.5 5.7 5.9 0.1 1.9 

H2O_80 °C 15 5.61 0.8 14.2 0.9 6.2 5.5 0.0 1.5 

MeOH_Tamb 15 5.61 0.8 14.2 0.5 6.3 5.8 0.1 1.4 

MeOH_80 °C 15 6.42 1.0 14.0 0.6 5.7 5.9 0.0 1.9 

Spent 

Coffee 

Grounds 

Raw 15 0.00 0.0 15.0 4.3 6.5 2.8 0.2 1.1 

H2O_Tamb 15 15.36 2.3 12.7 3.1 6.0 2.7 0.1 0.8 

H2O_80 °C 15 15.15 2.3 12.7 3.3 5.5 2.7 0.1 1.1 

MeOH_Tamb 15 20.75 3.1 11.9 2.8 5.8 2.5 0.0 0.8 

MeOH_80 °C 15 19.06 2.9 12.1 3.0 5.6 2.5 0.0 1.1 
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Table 5.6 – Methane production potential followed by statistical information and kinetic parameters, i.e. maximum 

specific methane production potential (Gm), maximum specific methane production rate (Rm), lag phase (λ), and 

correlation coefficient (r2), obtained from the anaerobic digestion of raw and ultrasounds pretreated substrates 

using water (H2O) and a 50% (v/v) methanol (MeOH) solution catalysed by 0.1% (w/v) sulfuric acid as the 

pretreatment media. HS: hazelnut skin, AS: almond shell, and SCG: spent coffee grounds. Pretreatment 

temperature: ambient temperature (Tamb) and 80 °C. 

Substrate 

Methane 

production 

potential                             

(mL CH4/g VS) 

Statistical 

information a 

Gm b                              

(mL CH4/g VS∙d) 

Rm b                                                

(mL CH4/g VS∙d) 

λ b                  

(d) 
r2 c 

HS raw 255.5 ± 2.8 a 254.3 15.76 3.9 0.9989 

HS H2O Tamb 228.9 ± 8.4 b 227.2 12.95 4.1 0.9982 

HS H2O 80 °C 232.6 ± 6.4 b 230.8 13.35 3.9 0.9967 

HS MeOH Tamb 255.4 ± 7.4 a 253.4 15.61 3.7 0.9979 

HS MeOH 80 °C 250.9 ± 1.9 a 248.9 14.15 3.5 0.9939 

AS raw 50.6 ± 0.2 a 49.4 2.32 1.9 0.9945 

AS H2O Tamb 39.7 ± 1.7 b 39.0 1.90 4.5 0.9980 

AS H2O 80 °C 40.2 ± 1.1 b 39.2 1.73 4.9 0.9966 

AS MeOH Tamb 42.8 ± 3.3 b 41.5 1.82 4.4 0.9962 

AS MeOH 80 °C 41.1 ± 4.3 b 40.3 2.07 5.3 0.9990 

SCG raw 345.1 ± 11.8 ab 345.1 19.61 5.6 0.9996 

SCG H2O Tamb 366.2 ± 4.2 a 365.1 21.31 5.6 0.9987 

SCG H2O 80 °C 351.0 ± 4.9 ab 350.6 22.13 5.7 0.9972 

SCG MeOH Tamb 342.3 ± 12.1 b 341.2 21.36 5.4 0.9987 

SCG MeOH 80 °C 352.5 ± 6.8 ab 351.3 21.49 5.4 0.9986 

a Not sharing letters means that the condition was significantly different (p < 0.05) than the compared condition. 

b Predicted by fitting the experimental data with a modified Gompertz model. 

c Correlation coefficient between experimental and model data.
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Figure 5.2 – Cumulative methane production obtained from the anaerobic digestion of raw and ultrasounds 

pretreated hazelnut skin (A), almond shell (B), and spent coffee grounds (C): raw ( ), H2O at Tamb ( ), H2O at 80 

°C ( ), MeOH-based medium at Tamb ( ), MeOH-based medium at 80 °C ( ). 
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5.4 Discussion  

5.4.1 Biomass solubilisation during ultrasounds pretreatment 

This study showed for the first time a novel approach to valorise nut and coffee wastes through 

ultrasounds pretreatment. The available studies in the literature used the sonicated slurry (i.e. 

the mixture of the liquid and solid fractions) from ultrasound pretreatment of LMs as the 

substrate for methane production (Korai and Li, 2020; Qi et al., 2021). This approach can lead 

to the waste of valuable compounds that can be better valorised than via AD. Also, some of 

these compounds, e.g. polyphenols, can inhibit the AD process (Balasundaram et al., 2022). 

With the strategy here proposed, the optimal path for each fraction can be chosen by either 

using the solid and liquid fractions as the substrate for AD separately or, as a suggestion for 

future studies, using the liquid fraction for biomolecules recovery. 

Ultrasound has been reported to be an effective technique for biomolecules extraction from 

algae, plants and fruit residues (Bhushan et al., 2020; de Sousa e Silva et al., 2017). In this 

study, the polyphenols and sugar solubilised from LMs through the ultrasounds pretreatment 

were quantified (Table 5.2). Polyphenols are generated from lignin disruption during the 

pretreatment (Covarrubias-García and Arriaga, 2022). The sugar solubilised through 

ultrasounds mainly come from the hemicellulose hydrolysis, whereas the cellulosic component 

of the biomass is generally unaffected by ultrasonic waves (Perrone et al., 2016). In addition, 

polyphenols and sugar are present in the non-bound matter of LMs, i.e. the extractives 

(Tajmirriahi et al., 2021).  

5.4.1.1 Polyphenols solubilisation 

HS is particularly rich in total extractives, i.e. 35.0% (Table 5.4). A considerable amount of the 

HS extractives are polyphenols, being mainly monomeric and oligomeric flavan-3-ols 

(Spagnuolo et al., 2021). The high polyphenols and lignin content resulted in 53.4 – 126.9 mg 

polyphenols/g TS solubilised from HS (Table 5.2), depending on the ultrasounds condition. The 

highest amount of polyphenols solubilised in this study is above the HS polyphenols content 

reported by Ivanović et al. (2020), i.e. 70 mg/g TS, indicating that part of the polyphenols 

measured come from the lignin disruption achieved during the ultrasounds pretreatment (Table 

5.5). Similarly, polyphenols are the most abundant components of AS extractives (Queirós et 

al., 2020). However, the low total extractives content of AS (i.e. 7.5%) observed in this study 

(Table 5.4) and the scarce lignin removal (Table 5.5) resulted in a significantly lower 

polyphenols solubilisation from AS than HS (p < 0.05), i.e. 0.7 – 5.0 mg/g TS (Table 5.2). On 
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the contrary, despite the high total extractives content (i.e. 29.0%) of SCG (Table 5.4), 

polyphenols only represent a minor portion of the extractives in SCG (Sant’Anna et al., 2017). 

Therefore, considering the slight lignin removal during the pretreatment (Table 5.5), the 

polyphenols solubilised from SCG, i.e. 3.8 – 8.6 mg/g TS, were significantly lower than what 

was observed for HS (p < 0.05) (Table 5.2). 

The capability of obtaining biomolecules from LMs depends on the chemical and physical 

properties of the substrate (Ibrahim et al., 2019). Oliva et al. (2021) showed that despite the 

recalcitrance caused by the high lignin content, HS is easily dented by solvent-based 

pretreatments due to its high porosity. On the other hand, the compact external surface and low 

porosity of AS made this LM particularly resistant to pretreatments (Oliva et al., 2021). In the 

present study, the pretreatment temperature was a key parameter for polyphenols solubilisation 

when distilled water was the medium for the ultrasounds pretreatment. Similarly, Tanase et al. 

(2018) reported an increment in polyphenols solubilisation when increasing the temperature of 

the medium during ultrasounds pretreatment from 40 to 60 °C. Ultrasounds generate hot spots 

due to bubble collapse, increasing the temperature of the medium (Bundhoo and Mohee, 2018). 

This facilitates cavitation phenomena, likely being the reason for the increased polyphenols 

solubilisation from all LMs here investigated (Table 5.2).  

The impact of the pretreatment temperature on polyphenols solubilisation was lower when 

using the MeOH-based medium. An increase in the pretreatment temperature during 

ultrasounds pretreatment facilitates cavitation phenomena but may lower the power of bubble 

collapse. The vapour generation increases with the temperature of the solvent and fills the 

cavitation bubbles, reducing the energy released once collapsing (Bussemaker and Zhang, 

2013). Therefore, the optimal pretreatment temperature depends on the given system. The 

boiling point of MeOH is lower than that of distilled water. Therefore, at 80 °C, the vapour 

production from the MeOH-based medium is expected to be greater than that from water, and 

to have a greater negative impact on the ultrasounds pretreatment. On the other hand, using low 

polarity liquids, such as organic solvents, offers the opportunity to combine the effects of 

organosolv and ultrasounds pretreatment. Juttuporn et al. (2018) investigated polyphenols 

removal from sugarcane bagasse using ultrasounds, showing that the ethanol (EtOH)-based 

medium was more efficient than water. MeOH and EtOH-based solutions are the most 

employed organic solvents for polyphenols removal through ultrasounds (Dzah et al., 2020). In 
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addition, MeOH may have a better impact than EtOH on lignin solubilisation (Sameni et al., 

2017).  

5.4.1.2 Sugar solubilisation 

The pretreated HS solid residues has a higher content of structural sugars and lower lignin and 

total extractives content than the raw LM (Table 5.4). However, the sugar analysis showed that 

the liquor recovered after the ultrasounds pretreatment of HS had the highest sugar 

concentration among the LMs investigated (up to 146.0 mg/g TS). The sugar speciation (Table 

5.4) showed that the main sugar in HS is glucan, which is associated with the cellulosic 

component of the biomass (Bulmer et al., 2021). On the contrary, the hemicellulose sugars are 

minor components of the HS. After the ultrasounds pretreatment, the glucan content slightly 

increased, indicating that mainly other components of HS were removed (Table 5.5). Therefore, 

the sugars present in the HS liquor were likely solubilised from the non-bound matter, i.e. 

extractives. Frankó et al. (2018) previously reported the presence of free sugars in the water-

soluble extractives of LMs, i.e. spruce and pine softwood. Apart from the structural sugars, HS 

is rich in galacturonic acid, generated from pectin degradation during the roasting process 

(Košťálová and Hromádková, 2019).  

The pretreatment temperature was a key parameter to enhance the sugar solubilisation from HS 

in water (Table 5.2). On the other hand, the MeOH-based medium at Tamb was effective enough 

to remove all soluble sugars from HS under the ultrasounds conditions tested in this study. 

Therefore, no significant effect of the temperature was observed during the MeOH-based 

pretreatment. The importance of the temperature for sugar solubilisation in water was 

previously reported by da Silva Donadone et al. (2020) for peach palm residue. On the other 

hand, to the best of the authors’ knowledge, the impact of the temperature on ultrasound-

assisted solubilisation of sugar from LMs in the MeOH-based media has never been 

investigated before. 

Similarly to other nut shells, AS showed a low free sugar content (Shen et al., 2018), in line 

with the low amount of sugar solubilised in the ultrasound liquors (Table 5.2). The highest 

pretreatment temperature increased the sugar removal. The highest sugar solubilisation, i.e. 

32.6 mg/g TS, from AS was achieved at 80 °C in the MeOH-based medium. The amount of 

sugar here solubilised corresponded to over 90% of the overall non-structural sugar content of 

AS reported by Shen et al. (2018), suggesting that the extra potential for sugar solubilisation 

from AS is limited. Moreover, no significant change in sugar speciation was observed in the 
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pretreated AS (Table 5.4), suggesting that the sugars are mainly solubilised from the non-bound 

matter (Table 5.5). 

The sugar solubilised from SCG at Tamb in water (i.e. 16.7 mg/g TS) and MeOH-based medium 

(i.e. 19.1 mg/g TS) was slightly lower than that achieved by Ballesteros et al. (2015) via alkaline 

pretreatment at 25 °C, i.e. 23.8 mg/g TS. In this study, the ultrasound-assisted solubilisation 

lasted only 1 h, whereas Ballesteros et al. (2015) performed the alkaline pretreatment overnight. 

In addition, increasing the pretreatment temperature allowed the solubilisation of up to 30.2 mg 

sugars/g TS (Table 5.2). Contrary to HS and AS, the MeOH-based medium did not enhance the 

sugar solubilisation from SCG (Table 5.2). The sugar speciation of the pretreated SCG was 

similar to that of the raw SCG, and the lignin content barely changed after pretreatment (Table 

5.4). In contrast, the total extractives content was lower (up to 19%) upon pretreatment (Table 

3). The solubilisation of extractives was higher when using the MeOH-based medium, 

following the trend of polyphenols solubilisation, as discussed in Section 5.4.1.1. On the other 

hand, the solubilisation of polyphenols and sugar does not fully justify the high solubilisation 

percentage observed, i.e. 15 – 21%. Apart from the components investigated in this study, SCG 

is an oil-rich LM (Goh et al., 2020), likely being solubilised during the ultrasounds pretreatment 

as well and accounting for the solubilisation percentage here observed. In particular, MeOH has 

been widely used for oil extraction from SCG (Battista et al., 2021), which can explain the 

higher solubilisation percentage observed when using the MeOH-based medium for ultrasounds 

pretreatment. 

5.4.2 Valorisation of ultrasounds pretreatment fractions via anaerobic digestion 

5.4.2.1 Ultrasounds-resulting liquors 

The liquor from pretreated HS was rich in sugars, likely coming from the easily biodegradable 

non-bound matter (Table 5.5). The highest methane production, i.e. 85.3 (± 12.2) mL CH4/100 

mL liquor, was obtained from the water-based liquor at Tamb (Figure 5.1). The water-based 

liquor obtained from the ultrasounds pretreatment at 80 °C showed a higher sugar content, i.e. 

9.9 g/L, than at Tamb, i.e. 6.5 g/L, but gave a similar methane production (Figure 5.1). The failure 

to increase the BMP is likely attributed to the higher polyphenols concentration that may have 

partially inhibited the AD process (Balasundaram et al., 2022). The liquid fraction from the 

ultrasounds pretreated AS and SCG exhibited a similar performance as substrates for AD, with 

the liquors recovered after ultrasounds at 80 °C producing more methane (Figure 5.1). Contrary 

to HS, the sugars solubilised in the liquors from AS and SCG were significantly higher than the 
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polyphenols (Table 5.2), resulting in a higher methane production potential than the HS liquors 

despite the overall lower sugar concentration (Table 5.4). Xue et al. (2018) reported that 

increasing the concentration of phenolic compounds solubilised from LMs resulted in a lower 

sugar degradation in the fermentation of sugar-rich liquid substrates, which likely occurred in 

the AD of the HS liquors. 

The lower polyphenols concentration in the liquid fractions resulted in a higher methane yield 

per gram of sugar added in the AD process (Table 5.3). The water-based liquors recovered from 

SCG pretreatment at Tamb and 80 °C showed the highest methane yield among the LMs 

investigated, producing 685.5 (± 39.5) and 590.5 (± 60.8) mL CH4/g glucosein, respectively 

(Table 5.3). The water-based liquors recovered from the ultrasounds pretreatment of AS at Tamb 

and 80 °C produced 431.6 (± 13.2) and 434.2 (± 25.1) mL CH4/g glucosein, respectively (Table 

5.3). On the other hand, the inhibitory effect of polyphenols at high concentrations was 

confirmed by the low methane yield achieved from the HS liquor, i.e. 131.5 (± 18.7) and 80.8 

(± 5.6) mL CH4/g glucosein, respectively (Table 5.3). The MeOH present in the liquors 

completely inhibited methane production, regardless the LM used (Figure 5.1). At moderate 

concentrations, MeOH is beneficial for the AD process, being a direct methanogenic substrate 

for methylotrophic methanogens (Feng et al., 2021). Nevertheless, higher MeOH 

concentrations without a proper microbial acclimation can hinder the methanogenic activity. 

Mancini et al. (2021) reported that 14.3 g VS/L is the half-maximal inhibitory concentration for 

methane production from MeOH-rich (i.e. 694 g MeOH/L) wastewater. Therefore, when using 

MeOH-based media for ultrasounds pretreatment, the recovery of the organic solvent is 

suggested to avoid AD inhibition and reduce the overall costs of the process. On the contrary, 

water-based liquors can be immediately subjected to AD. 

5.4.2.2 Ultrasounds pretreated solid substrates 

The solid HS residues after the ultrasounds pretreatment showed a high BMP (Table 5.6), 

despite the loss of sugar and polyphenols. The BMP of raw HS, i.e. 255.5 (± 2.8) mL CH4/g 

VS, is comparable with previous studies (Mancini et al., 2016). The pretreated HS showed an 

increased structural sugar percentage while a lower lignin concentration was observed (Table 

5.4). Nevertheless, the BMP of the HS obtained after the ultrasounds pretreatment in water was 

slightly lower than that of raw HS (Figure 5.2A). This can be attributed to the loss of non-

structural sugars during ultrasounds, as discussed in Section 5.4.1.2. On the other hand, for the 

HS pretreated in the MeOH-based medium, the higher polyphenols removal (Table 5.2) 
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balanced the loss of fermentable sugars and returned a BMP similar to the raw HS (Table 5.6). 

The overall content of structural sugars measured in HS was significantly lower than that of 

other nut residues (Bianco et al., 2021b; Shen et al., 2018), reaching a maximum of 17.1% after 

the ultrasounds pretreatment. The high methane production compared to the low sugar content 

can be explained by the high porosity of the HS, which allows a proper microorganisms-

substrate contact during AD (Oliva et al., 2021). In addition, the extractives of HS are reported 

to have a high protein and lipid content, i.e. 7.4 and 12.0 g/100 g TS (Ivanović et al., 2020), 

being additional substrates for methane production (Cheng and Brewer, 2021). 

AS was the most recalcitrant among the LMs investigated in this study, and the ultrasounds 

pretreatment further lowered the BMP of AS (Figure 5.2B). Contrary to HS, the physical 

properties limit the biodegradation of AS, having low porosity and compact external surface 

(Oliva et al., 2021). The BMP of raw AS, i.e. 50.6 (± 0.2) mL CH4/g VS, is comparable with 

that reported by Shen et al. (2018). Generally, the AD of nut shells lead to a lower methane 

production than other nut residues due to their coriaceous structure used to protect the edible 

fruit from grazers and the environment (Shen et al., 2018; Xiao et al., 2020). The ultrasounds 

pretreatment removed part of the extractives, whereas the structural components were barely 

touched (Table 5.4), resulting in a slight reduction of the BMP and a longer lag phase (Table 

5.6), as previously observed when removing the extractives from AS by organosolv 

pretreatment (Oliva et al., 2021). The main structural sugars present in AS are xylan and glucan 

(Table 5.4), which are reported to be the most important substrate for AD of LMs (Zhong et al., 

2015). Nevertheless, the high lignin content and the compact external surface strongly limit the 

hydrolysis of structural sugars from LMs (Xu et al., 2019).  

The AD of SCG residues after ultrasounds showed a higher methane production rate than raw 

SCG (Table 5.6). The main changes in the chemical composition were the loss of extractives 

and the increment in mannan and lignin content (Table 5.4). The lower lignin content and 

increased contact surface, due to the powdery nature of the SCG, resulted in the highest BMP 

among the LMs investigated, i.e. 345.1 (± 11.8) mL CH4/g VS (Figure 5.2C). Other authors 

reported a lower methane production from raw SCG, i.e. 220 mL CH4/g VS (Battista et al., 

2021). This difference in methane production potential can be attributed to the diversity in the 

coffee species, as well as in torrefaction and coffee brewing procedures.  
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5.4.3 Perspectives of ultrasounds applications for lignocellulosic materials valorisation 

The optimal methodology for ultrasounds application is still debated. Recent studies showed an 

enhanced methane production potential using the sonicated slurry obtained after the ultrasounds 

pretreatment of corn stover (Hassan et al., 2017) and cannabis straw (Qi et al., 2021) as the 

substrates for AD. In contrast, this study evaluated separately the BMP of the liquid (Figure 1) 

and solid (Figure 2) fractions. Alternatively, Zou et al. (2016a, 2016b) pretreated dairy manure 

and wheat straw with ultrasounds before digesting the slurry. Therefore, the contribution in 

terms of the extra methane produced from the sole LM was thus far not fully disclosed in the 

literature.  

The failure in increasing the BMP of the solid residues in this study could be due to the low Ed 

applied during the pretreatment. An Ed value of 10.6 MJ/kg TS (calculated using Eq. (5.1)) was 

applied, being significantly lower than that of Hassan et al. (2017), i.e. 88.5 MJ/kg VS, which 

increased the methane production potential of corn stover by 43%, using the sonicated slurry 

as the substrate. On the other hand, in this study, the ultrasounds pretreatment was carried out 

to improve the release of biomolecules present in LMs, that could be a further valorisation of 

the HS, AS, and SCG with a multi-product biorefinery approach.  

This work demonstrated the viability of releasing high-value bioproducts while maintaining the 

high methane production potential of the solid residues. Organic agroindustrial wastes have 

been widely explored for biofuels production. Nevertheless, the interest in specific 

biomolecules recovery is recently increasing (Jain et al., 2022). In this perspective, ultrasounds 

pretreatment is a promising strategy offering several possibilities to regulate and optimise the 

process, e.g. temperature control, medium of diffusion, and energy density applied (Oliva et al., 

2022). The future developments for ultrasounds applications seem to head toward the coupling 

with specific solvents to promote either the release of biomolecules or an increment of the 

methane production potential from the solid residues. Apart from the organic solvent 

investigated in this study, i.e. MeOH, ultrasounds were employed to assist alkaline pretreatment 

(Korai and Li, 2020) and dilute acid hydrolysis (Ríos-González et al., 2021) of LMs. A further 

suggestion may be to investigate ultrasounds assistance to other solvent-based pretreatments 

that do not require high temperature, i.e. over 100 °C, to activate the reaction, e.g. deep eutectic 

solvents (Wang and Lee, 2021). Nevertheless, investigating and optimising the valorisation of 

the liquid and solid fractions independently seems to be a more attractive approach, especially 

for the LMs rich in valuable bioproducts such as polyphenols, protein, and oils.   
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5.5 Conclusion 

The liquid and solid fractions obtained from HS, AS, and SCG after ultrasounds pretreatment 

(using water and a MeOH-based medium at Tamb and 80 °C) were investigated to determine 

their potential in terms of methane production and solubilisation of polyphenols and sugar. HS 

has the greatest potential for biomolecules solubilisation among the LMs investigated, 

achieving up to 126.9 and 146.0 mg/g TS of polyphenols and sugar solubilised, respectively. 

The liquors obtained from HS would benefit from further studies to investigate the selective 

recovery of specific biomolecules. On the other hand, the BMP of the HS liquors was limited 

compared to the amount of sugar solubilised. Polyphenols and sugar solubilised from AS and 

SCG were significantly lower than those obtained from HS, but the AS and SCG liquors showed 

a higher BMP. Thus, the water-based liquors from AS and SCG are suitable for direct AD, 

producing up to 107.0 and 160.9 mL CH4/100 mL liquor, respectively. In contrast, the liquid 

fractions obtained using the MeOH-based medium would need a further step of MeOH removal 

to avoid the inhibition of methanogenesis. Apart from the liquid fractions, the solid residues 

obtained after the ultrasounds pretreatment showed a great potential for methane production for 

the three LMs investigated, although in most cases being comparable with the raw LMs. 
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Abstract 

This study provided important insights on the anaerobic digestion (AD) of hazelnut skin (HS) 

by operating a fed-batch AD reactor over 240 days and focusing on several factors impacting 

the process in the long term. An efficient reactor configuration was proposed to increase the 

substrate load while reducing the solid retention time during the fed-batch AD of HS. Raw HS 

produced maximally 19.29 mL CH4/g VSadd/d. Polyphenols accumulated in the reactor and the 

use of NaOH to adjust the pH likely inhibited AD. Maceration and methanol-organosolv 

pretreatments were, thus, used to remove polyphenols from HS (i.e. 82 and 97%, respectively) 

and improve HS biodegradation. Additionally, organosolv pretreatment removed 9% of the 

lignin. The organosolv-pretreated HS showed an increment in methane production of 21%, 

while macerated HS produced less methane than the raw substrate, probably due to the loss of 

non-structural sugars during maceration.  
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6.1 Introduction 

The impact of fossil fuels on the environment and climate has led to the development of 

alternative strategies for energy production (Martins et al., 2019). The methane produced from 

renewable materials emerges as a great alternative to fossil fuels due to its high calorific value, 

low pollutant emission, and flexible use at different purity for various applications (Oliva et al., 

2022). Methane can be produced via anaerobic digestion (AD) through different consortia of 

microorganisms, classified into hydrolytic, acetogenic, acidogenic, and methanogenic. Each 

group of microorganisms is responsible for a different phase of the AD process, i.e. hydrolysis, 

acetogenesis, acidogenesis, and methanogenesis. The balance between the various stages is the 

key for an efficient AD process (Pasalari et al., 2021).  

Recently, the concept of AD evolved from a mere treatment to purify urban and industrial 

wastewater or sludge to an ad-hoc strategy to produce energy from undervalued waste materials 

(Silvestre et al., 2015). In this perspective, lignocellulosic materials (LMs) are an extraordinary 

opportunity for AD due to their abundance, low cost, and high organic content. Besides, 

agricultural, municipal, and industrial activities produce LMs that need a new destination, 

which needs to be more environmentally friendly than combustion or landfilling (Xu et al., 

2019). Several researchers focused on the most produced LMs, such as straws (Dai et al., 2020) 

and grass residues (Wen et al., 2015). Nevertheless, the global interest is recently expanding to 

LMs coming from seasonal harvesting or specific regional production (Lovrak et al., 2020). For 

instance, the market of nuts is expanding year by year (International Nut and Dried Fruit 

Council Foundation, 2021), resulting in a huge amount of LMs that can be used for energy 

production without competing with the food industry. The harvesting and manufacturing of nuts 

produce different LMs, such as shells, skin, and husks (Shen et al., 2018). The most widely 

consumed nuts are peanuts, almonds, walnuts, cashews, pistachios, and hazelnuts, with the 

major producers being the USA, China, Turkey, and India. Nevertheless, nuts are exported 

worldwide, both shelled and unshelled, meaning that the issue of waste management travels 

with the product and affects any importer country (International Nut and Dried Fruit Council 

Foundation, 2021). In particular, the global hazelnut production achieved 512000 metric tons 

in the 2020/2021 harvesting season. Turkey (62%) and Italy (15%) were the leading producers, 

whereas hazelnuts are mainly exported to EU countries, China, and Canada (International Nut 

and Dried Fruit Council Foundation, 2021). 
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Most recent studies focused on optimising the AD of such residues to enhance their methane 

production potential (Bianco et al., 2021; Şenol, 2019). The optimisation of AD for LMs often 

involves pretreatments to overcome the recalcitrant structure of these substrates. The main 

components of LMs are cellulose, hemicellulose and lignin. The presence of lignin, together 

with physical characteristics, such as porosity and crystallinity degree of the cellulose, hinders 

the hydrolytic bacteria attacking the LMs, resulting in a low hydrolysis rate and inefficient AD 

in terms of methane production (Xu et al., 2019). 

Great progress has been made in the valorisation of LMs. However, most studies focused on 

small-batch applications, which require further investigation before implementation on a pilot 

or industrial scale. In this perspective, this article aims to close the gap between batch and fed-

batch applications, providing attractive insights for the AD of hazelnut residues, i.e. hazelnut 

skin (HS), investigated at lab-scale (i.e. 2 L working volume) in fed-batch operation. In 

particular, this study proposed an alternative reactor configuration that may allow more efficient 

feeding and process management for LMs under fed-batch AD operation. Different operating 

parameters were monitored and improved to enhance the methane production from HS, such as 

organic load, solid waste retention time (SWRT), and pH. Methane production, volatile fatty 

acids (VFAs) evolution, polyphenolic compounds accumulation, and alkalinity were monitored 

along with the reactor operation. The influence of pretreatments, i.e. maceration and 

organosolv, and the changes in the chemical composition of HS were investigated. In addition, 

the change in the microbial community along the variation of the operationg conditions was 

elucidated.  

6.2 Materials and methods 

6.2.1 Raw substrate and inoculum 

The raw HS used comes from Turkish imported hazelnuts (Corylus avellana). The hazelnuts 

were roasted, and the skin was separated from the kernel by a farming company located in the 

Campania region (Italy). The HS was sieved to select a range of particle sizes between 1.0 and 

2.5 mm. The selected HS had a total (TS) and volatile solid (VS) content of 88.8 (± 0.2) and 

86.1 (± 0.2)% (based on wet matter), respectively. A digestate from buffalo manure (DBM) 

coming from a full-scale anaerobic digester located in Eboli (Italy) was degassed to eliminate 

the endogenous biogas production before being used as the inoculum. The DBM showed a TS 

and VS content of 5.0 (± 0.0) and 3.4 (± 0.0)% (based on wet matter), respectively. The initial 
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pH of the inoculum was 7.7 (± 0.1), and the total alkalinity accounted for 10.7 (± 0.3) g 

CaCO3/L. 

6.2.2 Maceration and organosolv pretreatment 

The HS maceration was preliminarily tested in 50 mL falcon tubes for 1, 3, 6, 24, 48 h, 1 and 2 

weeks. The falcon tubes, filled with 1 g HS and 50 mL demineralised H2O, were kept under 

agitation (i.e. 130 rpm) for the desired exposure time. The maceration time allowing the higher 

polyphenolic compound removal was performed on a larger scale, i.e. 2 L glass bottle, keeping 

a substrate to liquid (S/L) ratio of 1:50.  

The organosolv pretreatment was carried out following the finest condition, i.e. pretreatment 

for 1 h at 130 °C using a 50% (v/v) water-methanol solution with 0.1% (w/v) H2SO4 as a catalyst, 

previously proposed in Chapter 3 (Oliva et al., 2021). In the present study, the selected S/L ratio 

was 1:15. Maceration and organosolv pretreatment were performed individually on raw HS. 

Macerated and organosolv-pretreated HS was dried at 45 °C before being used as the substrate 

for AD. 

6.2.3 Anaerobic digester design and methane production measurement 

The AD process was performed in a 2 L (working volume) borosilicate glass reactor (Figure 

6.1A) designed by the authors and made by Glass Studio (Naples, Italy). The desired 

temperature (i.e. ~ 37 °C) was maintained using an ED (v.2) heating bath (Julabo, Seelbach, 

Germany) in the service of the reactor water jacket. The pH evolution was monitored with a pH 

electrode (VWR, Radnor, USA). pH correction was performed using a pH/ORP 300 controller 

(Cole-Parmer, Vernon Hills, USA) and an EVO45 pump (Verderflex, Castleford, UK) (Figure 

6.1C) dosing an alkaline solution (Figure 6.1B) when the pH in the reactor went below the 

threshold value, which was chosen depending on the desired operating condition. Reactor 

agitation was guaranteed by magnetic stirring. The HS was kept inside a stainless steel mesh 

container (SSMC) (15 x 10 x 10 cm) (Figure 6.1D). The substrate container had an external 

grid with a mesh capable of retaining the HS, but allowing the digestate to penetrate and soak 

the HS. After each refeeding, the headspace of the reactor was flushed with Argon gas to ensure 

anaerobic conditions. 

The methane production was monitored using a water displacement apparatus. The biogas 

produced flowed continuously through a CO2 trap (Figure 6.1E) made by 12% NaOH solution 

using thymolphthalein as pH indicator (Sigma-Aldrich, St. Louis, USA). The CO2 trap allowed 
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the methane only to displace the water in a 1.5 L glass cylinder (Figure 6.1F) (Glass Studio, 

Naples, Italy) for a volume equal to the amount of methane produced.  

The specific methane production was calculated by dividing the daily methane production by 

the grams of VS from HS added (VSadd) in the reactor. The slope of the regression line fitting 

the experimental data of a single feeding cycle represents the methane production rate (Rm) for 

that cycle. The average rate (Rm,av) was obtained by averaging the rates obtained for each cycle 

of the same experimental phase. 

 

Figure 6.1 – Schematic representation of the experimental design including anaerobic digester (A), alkaline 

solution for pH control (B), pH controller and pump for alkaline solution dosing (C), stainless steel mesh container 

for lignocellulosic refeeding (D), carbon dioxide trap (E), and water cylinder for methane production measurement 

(F). 

6.2.4 Reactor feeding and experimental phases 

The anaerobic reactor was initially filled with 697 g DBM and 1303 g H2O, and 18.6 g HS were 

fed to reach an overall VS content of 20 g/L. The starting inoculum/substrate ratio was 1.5 g 

VS. The initial TS content was 2.6%. The operation of the reactor was divided into seven 

experimental phases (Table 6.1).  

During Phase I, HS was fed every 14 days, replacing 50% of the overall VS from HS at a time, 

i.e. with a SWRT of 28 days, starting from HS load of 16.7 (± 0.7) g VS. In Phase II, the HS 

load increased by roughly 55%, reaching 26.0 (± 1.1) g VS, and the SWRT was kept at 28 days. 
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During Phase III, the SWRT was shortened to 20 days, using the same HS load as Phase II. 

Phases IV and V investigated the effectiveness of pretreatments on AD of HS, keeping the same 

HS load and SWRT selected in Phase III. In Phase IV, macerated HS was digested, while during 

Phase V an organosolv-pretreated HS was fed to the reactor.  

During phases I to V of this study, the pH in the reactor was monitored and corrected online. 

Sodium hydroxide (NaOH) was used for pH correction until day 68. Afterwards, NaOH was 

replaced by sodium carbonate (Na2CO3). Nevertheless, due to a failure of the pumping system 

dosing the alkaline solution, the entire liquid phase of the reactor was contaminated on day 150, 

requiring the inoculation of fresh DBM and a standby phase of 28 days. During the standby 

phase, the reactor was fed regularly with raw HS, but methane production was not recorded. 

The regular operation of the fed-batch reactor restarted with Phase VI, i.e. on day 195, by 

feeding raw HS with a shorter SWRT of 14 days and an organic HS load of 25.3 (± 0.8) g VS. 

Finally, in Phase VII (i.e. from day 216 to 237), organosolv-pretreated HS was used for AD, 

keeping the SWRT at 14 days. 
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Table 6.1 – Experimental design. 

Operating 

parameters 
Phase I Phase II Phase III Phase IV Phase V Standby Phase VI Phase VII 

Timeline (day) 0 - 56 56 - 105 105 - 125 125 - 145 145 - 167 167 - 195 195 - 216 216 - 237 

Substrate Raw HS Raw HS Raw HS 
Macerated  

HS 

Pretreated  

HS 
Raw HS Raw HS 

Pretreated  

HS 

HS load  

(g VS) 
16.7 ± 0.7 26.0 ± 1.1 25.9 ± 0.7 25.2 ± 0.3 25.1 ± 1.0 24.4 ± 1.0 25.3 ± 0.8 25.0 ± 0.6 

Feeding percentage  

(% VS) 
50 50 50 50 50 50 50 50 

Solid retention time 

(days) 
28 28 20 20 14 28 14 14 

No. of cycles 4 3 2 2 3 2 3 3 

Length of each cycle 

(days) 
14 14 10 10 7 14 7 7 
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6.2.5 Microbial community analysis 

Samples for DNA analysis were taken on day 0 and at the end of each experimental phase 

(Table 6.1). Additionally, the reactor was sampled before and after the extra inoculations, i.e. 

on days 80 and 150. DNA extraction, sequencing and bioinformatics analysis were performed 

by FisaBio (Valencia, Spain). Before DNA extraction, samples were homogenised by adding 1 

ml of phosphate-buffered saline (PBS) to 2 ml of sample and vortexed. After two centrifugation 

steps at 4 ºC (i.e. 2 min at 2000 rpm and 30 min at 13200 rpm), the pellet was recovered for 

DNA extraction.  

DNA was extracted using a MAgNa Pure LC robot and a III 3264785001 isolation kit (Roche, 

Basel, Switzerland) according to the manufacturer’s protocol. External lysis was performed 

before DNA extraction by adding 0.23 g of lysozyme. The DNA was quantified using a Qubit 

dsDNA High Sensitivity kit (Qiagen, Hilden, Germany) and normalised at 5 ng/ul to start the 

library preparation protocol. Polymerase chain reaction (PCR) amplification, sequencing, and 

PCR cleanup were performed according to the Illumina protocol (Illumina Inc., 2013) that 

targets the V3 and V4 regions of the 16S genes with the primers selected by Klindworth et al. 

(2013). The database used for the taxonomic assignation was Silva138. 

6.2.6 Analytical methods 

TS and VS of the inoculum, as well as raw, macerated and pretreated HS, were determined 

according to the standard methods (APHA AWWA, 2005) using a TCN115 convection oven 

(Argo Lab, Carpi, Italy) and a BWF 11/13 muffle furnace (Carbolite, Sheffield, UK), 

respectively. The HS degradation during the AD process was monitored by measuring the VS 

content of the digested HS before each refeeding cycle, using the same methods and equipment 

reported above. The water retention capacity (WRC) of raw, macerated and pretreated HS was 

measured as described by Sanchez et al. (2019). The chemical composition, i.e. extractives, 

polyphenols in the extractives, structural sugars, lignin, and ashes of the LMs was determined 

by Celignis Limited (Limerick, Ireland) following the NREL procedures (Sluiter et al., 2008b, 

2008a). The cellulose content was considered equivalent to the glucan content. The 

hemicellulose content was obtained as the sum of xylan, mannan, arabinan, galactan, and 

rhamnan sugars. The unknown matter was calculated as the complement to 100 of the other 

components. The analysis of the structural sugars was performed using a ICS-3000 Ion 

Chromatography System (Dionex, Sunnyvale, USA) according to the company’s protocol. 
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The liquid phase of the anaerobic digester was sampled regularly for alkalinity, VFAs, and 

soluble polyphenols analysis. Total (TA), partial (PA) and intermediate (IA) alkalinity were 

determined as described by Pontoni et al. (2015). PA is related to carbonate alkalinity, whereas 

IA refers to VFAs alkalinity. TA was obtained as the sum of PA and IA (Martín-González et 

al., 2013). The samples for VFAs analysis were stored and analysed according to Papirio 

(2020). Soluble polyphenols concentration was measured using a V-530 UV/VIS 

spectrophotometer (Jasco, Tokyo, Japan) following the Folin-Ciocalteu (F-C) procedure, as 

reported by Cubero-Cardoso et al. (2020). 

6.3 Results and discussion 

6.3.1 Anaerobic digestion of untreated hazelnut skin 

The AD process operated under fed-batch mode showed the potential of HS for methane 

production. Untreated HS was fed in Phase I, II, III, and VI, showing an Rm,av of 12.9, 10.7, 

19.3, and 16.0 mL CH4/g VSadd/d, respectively (Table 6.2). The fed-batch operation here 

investigated allowed for fitting the experimental data with linear regression, whereas the 

cumulative methane production from LMs in batch experiments generally fits the first-order 

kinetic or a modified-Gompertz model (Mancini et al., 2018). These two models fit 

experimental data tending to a stationary phase after exponential growth. On the other hand, 

refeeding a reactor with fresh substrate more continuously than a batch system results in a more 

stable daily methane production, without experiencing methane production approaching zero 

after the biodegradation of the most available LM components (Shen et al., 2018).  

During Phase I, four refeeding cycles were performed. The first cycle corresponded to the 

reactor start-up, with the entire amount of VS deriving from fresh HS. In the following cycles, 

50% of digested HS was replaced with fresh HS up to the desired VS content of approximately 

16.7 g VS. From the second cycle, a decreasing trend in methane production was observed  

(Figure 6.2). The methane production showed a peak after refeeding the reactor, likely due to 

the biodegradation of easily hydrolysable unbound compounds, i.e. free carbohydrates (Tao et 

al., 2019). The impact of extractives on AD largely depends on their composition, which varies 

with the LM (Tajmirriahi et al., 2021). After the first peak, the daily methane production 

decreased. Another peak was observed 5 - 7 days after refeeding the reactor (Figure 6.2). The 

second peak is likely attributed to the slower hydrolysis and subsequent degradation of the 

cellulose and hemicellulose sugars (Xu et al., 2019). In the first phase, no VFAs accumulation 

was observed (Figure 6.3A), and the total alkalinity was stable, ranging between 3.7 and 4.0 g 
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CaCO3/L (Figure 6.3B), with the ratio IA/PA being below the suggested threshold value of 0.3 

to digest organic wastes preserving stable reactor performance in terms of VFAs accumulation 

(Martín-González et al., 2013).  

In Phase II, the feeding was increased to obtain an HS load of 26.0 g VS. Consequently, VFAs 

accumulation was observed in the reactor (Figure 6.3A), and the IA/PA ratio exceeded the 

threshold of 0.3, reaching the maximum value of 0.8 on day 79 (Figure 6.3B). Acetic acid was 

the only VFA detected until day 72 of operation (Figure 6.3A), resulting in pH drops and a 

frequent pH correction with NaOH (Figure 6.2B). The VFAs speciation partially switched to 

propionic acid in the second and third cycle of Phase II, reaching a concentration of 459 mg 

HAceq/L (Figure 6.3A). In previous works, propionic acid exceeding 410 mg HAceq /L showed 

inhibitory effects on AD, which can explain the lower methane production measured in this 

study in the first two cycles of Phase II despite the higher HS load (Han et al., 2020). 

Despite NaOH is one of the most employed pH adjusters, Na+ ions have been reported to 

negatively affect the microbial activity during AD of LMs (Bianco et al., 2021; Feng et al., 

2018). From day 56 to 80, the pH kept decreasing (Figure 6.2B), and VFAs accumulated (Figure 

6.3A), suggesting that hydrolysis, acetogenesis, and acidogenesis proceeded regularly. On the 

other hand, methanogenic activity was inhibited albeit the increase of the HS load (Figure 6.2). 

The inhibition of methanogens can be attributed to the VFAs buildup above 1800 mg HAceq/L 

and Na+ accumulation (Rocamora et al., 2020). Hence, Na2CO3 was used to control the pH from 

day 80, and 200 mL of fresh DBM were added to restart the reactor operation. Na2CO3 has also 

the advantage of increasing the carbonate alkalinity (Jos et al., 2020). Figure 6.3B shows that 

total alkalinity increased from day 80, and the optimal IA/PA ratio, i.e. 0.3, was established 

again. After day 80, the methane production restarted, allowing the reactor to work steadily 

with a higher organic load than that used in Phase I (Figure 6.2). 

The retention time of HS was reduced from 28 to 20 days in Phase III. Consequently, the reactor 

was fed every 10 days. During the first two phases, the daily methane production decreased 

over time in each feeding cycle. This trend suggests that the easily biodegradable matter was 

hydrolysed in the first days of the AD process (Xu et al., 2019). Therefore, shortening the 

SWRT aimed to enhance the AD process by increasing the Rm,av and preventing methane 

production from tending to zero. The peak in methane production further increased in Phase III, 

reaching 27.7 ml CH4/g VSadd (Figure 6.2). Nevertheless, a decrease in the daily methane 

production was observed in the subsequent days. During Phase III, the VFAs concentration was 
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lower than in Phase II, and no significant propionic acid accumulation was observed, i.e. 46 mg 

HAceq/L at most (Figure 6.3A). 

The AD performance in Phase III can also be compared with that obtained in Phase VI, where 

raw HS was used as the substrate and the SWRT was further reduced to 14 days. Nevertheless, 

this comparison is influenced by the inoculation of fresh DBM on day 150. The methane 

production observed in Phase VI was lower than in Phase III, suggesting that the 

microorganisms’ adaptation during the first 150 days played a relevant role in enhancing the 

AD process (Pasalari et al., 2021). On the contrary, the VFAs accumulation in Phase VI was 

slightly higher than that observed in Phase III (Figure 6.3A), and the pH correction (Figure 

6.2B) was more frequent than in the previous phases. Consequently, the carbonate alkalinity in 

the reactor increased because of the buffer capacity of Na2CO3 (Figure 6.3A).  
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Figure 6.2 – Daily methane production ( ) as a function of hazelnut skin refeeding ( ) (A), volatile solid content ( ) (A), pH ( ) (B), pH adjustment with NaOH ( ) or 

Na2CO3 ( ) (B), and extra inoculation ( ) (B) during the different cycles and experimental phases. 

A 

B 
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Table 6.2 – Average methane production rate (Rm,av) and R Square (R2) obtained by fitting the experimental data with the linear regression function in each cycle and phase of 

the AD process. 

Phase 

Cycle 1 Cycle 2 Cycle 3 Cycle 4 
Rm,av  

(mL CH4/g VS/d) 

Rm  

(mL CH4/g VS/d) 
R2 

Rm  

(mL CH4/g VS/d) 
R2 

Rm  

(mL CH4/g VS/d) 
R2 

Rm  

(mL CH4/g VS/d) 
R2 Average St. Dev. 

I 18.10a 0.997a 14.62 0.960 10.00 0.995 14.09 0.992 12.90 2.53 

II 7.58b 0.976b 8.37b 0.932b 16.15 0.991 - - 10.70 4.74 

III 19.43 0.988 19.14 0.963 - - - - 19.29 0.21 

IV 14.76 0.978 15.83 0.980 - - - - 15.30 0.76 

V 15.02c 0.854c 16.35 0.994 20.72 0.995 - - 17.36 2.98 

Standby - - - - - - - - - - 

VI 12.16 0.991 17.16 0.998 18.55 0.994 - - 15.96 3.36 

VII 18.55 0.995 19.63 0.997 21.1 0.995 - - 19.76 1.28 

aData  referring to the start-up cycle described in Section 6.3.1 
bData affected by the inhibition caused by NaOH dosing described in Section 6.3.1. 

cData affected by the inoculation of fresh digestate from buffalo manure described in Sections 6.2.3 and 6.3.2.
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Figure 6.3 – Volatile fatty acids evolution (A) expressed as equivalent acetic acid: acetic acid ( ) and propionic acid ( ). Alkalinity evolution (B) expressed as total ( ), partial 

( ), and intermediate ( ) alkalinity in comparison with the threshold value ( ), i.e. partial/intermediate alkalinity = 0.3, suggested in the literature (Martín-González et al., 

2013). 

A 

B

A 
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6.3.2 Impact of polyphenolic content and pH adjustment on anaerobic digestion of hazelnut 

skin 

The polyphenols concentration in the reactor was constantly monitored along the different 

operating conditions. Figure 6.4A shows that a background polyphenols concentration of 

approximately 329.6 mg/L was observed in the reactor on day 0, i.e. prior to feeding HS. 

Buffalo manure is rich in acid-soluble lignin (Zeb et al., 2022). This type of lignin can be broken 

down into polyphenolic compounds during the AD process. Nevertheless, the complete 

degradation of these compounds is unlikely to occur without specific strategies, such as 

microaeration (Zeb et al., 2022). Therefore, the initial polyphenols concentration observed in 

the reactor is likely associated with the DBM used. Regarding LMs, polyphenolic compounds 

are generated from lignin degradation during pretreatments (Ferreira and Taherzadeh, 2020). 

HS is rich in Klason lignin, with the acid-soluble fraction being a minor component of the total 

lignin (Oliva et al., 2021). Only fungi and selected strains of bacteria can degrade lignin from 

LMs. In contrast, the microorganisms involved in the AD process are unlikely to degrade lignin 

from LMs (Oliva et al., 2022). In addition, polyphenols are also present in the extractives of HS 

(Ivanović et al., 2020). 

Section 6.3.1 explained the role of Na+ in the AD process. In addition to that, Na+ can bind with 

phenols and form sodium phenolate (Li et al., 2014). Sodium phenolate inhibits microbial 

growth, explaining the drop in methane production observed until day 80 when NaOH was 

dosed in the reactor (Gellert and Stommel, 1999). The formation of sodium phenolate can also 

be responsible for the fluctuation of the polyphenols concentration until day 80 (Li et al., 2014). 

Moreover, the refeeding before day 80 corresponded to the highest polyphenols concentration 

observed in this study, i.e. 479.7 mg phenol/L, suggesting that the reactor acidification also 

inhibited the polyphenols degradation. Figure 6.4A shows that polyphenols did not accumulate 

above the background concentration in Phase I when the organic load was 16 g VS from HS. 

In Phase II, the polyphenols content increased after each feeding, whereas it was lower at the 

end of a cycle. This trend suggests that the microbial community present in the reactor was 

probably capable of degrading part of the polyphenolic compounds (Zeb et al., 2022). On day 

80, after inoculating 200 mL of fresh DBM, the methanogenic activity restarted along with the 

polyphenols degradation. 

Apart from replacing NaOH with Na2CO3 for pH adjustment, maceration and organosolv 

pretreatments were tested to reduce the presence of polyphenols in the AD process. HS is indeed 
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a polyphenol-rich substrate, the solubilisation of which can hinder the AD process by inhibiting 

the hydrolytic bacteria (Ivanović et al., 2020; Milledge et al., 2019). The polyphenol 

measurement in the liquor showed that 3 hours of maceration led to the highest polyphenolic 

compounds extraction from HS. The 3 hours maceration was repeated on a larger scale, 

resulting in 47.3 mg of phenols removed per gram of HS (Figure 6.4B). Figure 6.4A shows that 

the polyphenols concentration spiked up after each refeeding with macerated HS in Phase IV, 

despite the significant removal via maceration (Figure 6.4B). The polyphenolic compounds 

hydrolysed from macerated HS were partially degraded during AD until reaching the 

background concentration mentioned previously. On the contrary, the feeding of organosolv-

pretreated HS significantly reduced the polyphenols present in the reactor in Phase V (Figure 

6.4B). During Phase VI, the polyphenols content increased again when feeding raw HS. Finally, 

in Phase VII, the lowest polyphenols concentration of the entire AD operation was observed, 

i.e. 180.1 mg phenol/L, confirming that methanol is an excellent solvent for polyphenols 

extraction (Vijayalaxmi et al., 2015). 



180 

 

 

Figure 6.4 – Soluble polyphenols evolution during anaerobic digestion (A): polyphenols concentration at the 

beginning ( ) and at the end ( ) of each feeding cycle and evolution of the volatile solid content from hazelnut 

skin ( ). Polyphenols removed by maceration (B) at different exposure times on a small scale ( ) and on a larger 

scale for the optimal condition ( ). 

6.3.3 Effect of maceration and organosolv pretreatment on chemical composition, porosity, and 

methane production potential of hazelnut skin 

The compositional analysis (Table 6.3) revealed that raw HS is particularly rich in lignin, i.e. 

39.7 (± 0.1) g/100 g TS. The second most abundant components were the extractives, i.e. 35.0 

(± 0.0) g/100 g TS. Extractives are usually a minor component in the LMs composition (Xu et 

al., 2019). Nevertheless, their abundance in HS suggests that extractives might have a crucial 

role during the AD process. In particular, the polyphenolic content of raw HS, expressed as 

equivalent gallic acid (GAE), was 106.0 (± 3.9) mg/g TS (Table 6.3). The cellulose and 

hemicellulose content was 10.2 (± 0.1) and 3.6 (± 0.0) g/100 g TS, respectively. The chemical 

A 

B 
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composition here reported is in line with the previous study of Mancini et al. (2018). As for the 

porosity index, the WRC of raw HS was 1.82 (± 0.08) g H2O/g HS (Table 6.3). The chemical 

composition confirmed the high recalcitrance of HS, which prompted testing various 

pretreatments to unlock the full potential of this substrate.  

Maceration is a physical pretreatment that can enhance the biodegradation of LMs by shearing 

the lignocellulosic fibers and reducing the particle size of LMs with limited energy consumption 

and overall costs (Ariunbaatar et al., 2014). In this study, maceration of HS was performed to 

reduce the release of polyphenolic compounds from the hydrolysis of HS extractives in the AD 

process. The 3 h maceration reduced the extractives content of HS by 11%, with no relevant 

effect on the other components (Table 6.3). The polyphenolic content of macerated HS was 

19.3 (± 0.0) mg GAE/g TS, being significantly lower than the raw substrate (Table 6.3). On the 

other hand, the WRC of macerated HS was 25% lower than raw HS, i.e. 1.37 (± 0.12) g H2O/g 

HS (Table 6.3). Macerated HS underwent AD in Phase IV, showing a 20% lower methane 

production than that observed in Phase III, with an Rm,av of 15.3 mL CH4/g VS/d (Table 6.2). 

The VFAs concentration was slightly lower than in Phase III, and the IA/PA ratio was 

constantly below the threshold value (Figure 6.3). It is reasonable that maceration, besides 

polyphenols, removed other valuable water-soluble molecules, such as free sugars, entailing a 

lower methane production potential of HS (Tao et al., 2019). Additionally, as an indicator of 

porosity, the lower WRC negatively influenced the biodegradation of LMs by reducing the 

substrate to microorganism contact (Mancini et al., 2018). 

Organosolv pretreatment acts to reduce the lignin content of LMs. Additionally, depending on 

pretreatment parameters, hemicellulose hydrolysis and an increase in porosity can occur 

(Ferreira and Taherzadeh, 2020). Methanol-organosolv pretreatment greatly enhanced the AD 

of HS in a previous study conducted with batch bioassays (Oliva et al., 2021). In this study, the 

organosolv pretreatment reduced the lignin and extractives content of HS by 9 and 6%, 

respectively (Table 6.3). In particular, the pretreatment removed 97% of the overall polyphenols 

from raw HS, resulting in 3.1 (± 0.0) mg GAE/g TS in the organosolv-pretreated HS (Table 

6.3). The pretreatment may have benefited from the S/L ratio of 1:15, whereas the most 

commonly employed ratio reported in the literature is 1:10 (Ferreira and Taherzadeh, 2020). 

The impact of S/L on organosolv pretreatment is still unclear and underinvestigated (Ferreira 

and Taherzadeh, 2020). Nevertheless, HS pretreatment may require a high S/L to completely 

soak HS during the pretreatment due to its high porosity. The organosolv-pretreated HS was 
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fed to the reactor in Phase V. After 4 days of operation under these operating conditions, the 

Rm,av was 25.6 mL CH4/g VSadd/d. Nevertheless, technical issues with the Na2CO3 dosing 

demanded to replace the entire liquid phase of the reactor with a fresh DBM on day 150. The 

overdosing of Na2CO3 increased the pH up to 9.2 (Figure 6.2B), being considerably above the 

optimal range (i.e. 6.5 - 7.5) for methanogenic activity (Borth et al., 2022). The performance of 

the reactor decreased with the new inoculation of DBM, probably due to the lack of proper 

microbial community adaptation to degrade HS. After two feeding cycles with the organosolv-

pretreated HS, the reactor performance was restored (Figure 6.2A).  

After Phase V, the reactor was readapted to the LM from day 167 to 195. During this period, 

the reactor was fed regularly with raw HS, the pH was monitored and adjusted, but the methane 

production was not recorded. This standby phase represented a new baseline necessary to 

compare the methane production from raw and organosolv pretreated HS. In Phase VI, the 

methane production from raw HS was lower than in Phase III, as described in Section 6.3.1 

(Figure 6.2). In total, 8.65 L of methane were produced in Phase VI. In Phase VII, organosolv-

pretreated HS was again used, keeping the refeeding time at 7 days. The overall methane 

production, i.e. 10.48 L, was 21% higher than in Phase VI, confirming the effectiveness of the 

methanol-organosolv pretreatment on HS (Oliva et al., 2021). The Rm,av in Phase VII was 19.8 

mL CH4/g VS/d, against 16.0 mL CH4/g VS/d measured in Phase VI (Table 6.2). On the other 

hand, no significant change in VFAs accumulation and alkalinity was observed. The increment 

in methane production can be attributed to the changes in chemical composition, e.g. lower 

lignin content, and loss of inhibitory compounds, i.e. polyphenols (Ferreira and Taherzadeh, 

2020; Milledge et al., 2019). Moreover, the WRC of pretreated HS (Table 6.3), i.e. 1.72 (± 0.09) 

g H2O/g HS, was comparable with the untreated substrate and is therefore not correlated with 

the increment in methane production.  
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Table 6.3 – Chemical composition, i.e. extractives, cellulose, hemicellulose, lignin, and ashes content, polyphenols in the extractives, and water retention capacity of raw, 

macerated, and organosolv-pretreated hazelnut skin (HS). 

Substrate 
Extractives 

(g/100 g TS) 

Cellulose a 

(g/100 g TS) 

Hemicellulose b 

(g/100 g TS) 

Lignin c 

(g/100 g TS) 

Ashes 

(g/100 g TS) 

Unknown d 

(g/100 g TS) 

Polyphenols e 

(mg GAE/g TS) 

Water retention 

capacity 

(g H2O/g TS) 

Raw HS 35.0 ± 0.0 10.2 ± 0.1 3.6 ± 0.0 39.7 ± 0.1 2.7 ± 0.1 8.9 ± 0.1 106.0 ± 3.9 1.82 ± 0.08 

Macerated HS 31.2 ± 0.6 10.4 ± 0.0 3.4 ± 0.1 39.5 ± 0.1 2.9 ± 0.1 12.1 ± 0.5 19.3 ± 0.0 1.37 ± 0.12 

Organosolv 

pretreated HS 
32.9 ± 0.2 11.8 ± 0.0 3.8 ± 0.1 36.0 ± 0.1 1.5 ± 0.1 13.9 ± 0.2 3.1 ± 0.0 1.72 ± 0.09 

a The cellulose content was considered equivalent to the glucan content. 
b The hemicellulose content was obtained as the sum of xylan, mannan, arabinan, galactan, and rhamnan sugars. 

c The lignin content was calculated as the sum of acid soluble and Klason lignin. 
d The unknown matter was calculated as the complement to 100 of the other components. 

e The content of polyphenols is expressed as mg of gallic acid quivalent (GAE) on the dry matter.



184 

 

6.3.4 Microorganisms involved in hazelnut skin degradation 

The taxonomic classification on day 0 revealed the abundance of Firmicutes (i.e. 38%), 

Proteobacteria (i.e. 18%), Synergistota (i.e. 14%) and Bacteroidota (i.e. 9%) phyla (Figure 

6.5A). These are the most common phyla involved in hydrolysis, acetogenesis and acidogenesis 

phases (Pasalari et al., 2021). The DBM was a heterogeneous inoculum, with Synergistaceae 

(affiliated with the Synergistota phylum) being the only family above 10% of the overall 

microbial community (Figure 6.5B). Firmicutes and Proteobacteria phyla are resilient to 

extreme conditions, whereas the Bacteroidota phylum is more sensitive to operating conditions 

(Pasalari et al., 2021), which suggests that the DBM was in the endogenous phase when 

inoculated to the reactor. 

On day 80, a fresh DBM was inoculated,  resulting in a step backwards in the microbial 

enrichment, as shown in Figure 6.5A. Before adding the fresh DBM, the Synergistaceae (i.e. 

26%) and Bacteroidaceae (affiliated with the Bacteroidota phylum) (i.e. 17%) families 

survived the critical operating conditions caused by the overload of HS (Figure 6.5B). Around 

day 80, the highest VFAs accumulation was observed, i.e. 1800 mg HAceq/L (Figure 6.3A). 

The abundance of the Synergistaceae family has been associated with high VFAs 

concentrations in the AD of corn straw (Zhu et al., 2022). In addition, enrichment (i.e. up to 

6%) in the Spirochaetota phylum (Figure 6.5A) was observed when the propionic acid 

concentration increased in the reactor (Figure 6.3A). These bacteria can convert propionic, 

butyric and valeric acids into acetic acid, H2 and CO2, ensuring process stability (Borth et al., 

2022). At the end of Phase II, once reactor stability was reached, the Rikenellaceae family 

(affiliated with the Bacteroidota phylum) enriched up to 24%. On the other hand, the percentage 

of Synergistaceae and Bacteroidaceae families dropped to 21 and 6%, respectively (Figure 

6.5B).  

In the first three phases of this study, raw HS was fed to the reactor (Table 6.1). At the end of 

Phase III, Bacteroidota (i.e. 33%) and Synergistota (i.e. 21%) were the most abundant phyla. 

On the contrary, the relative abundance of Firmicutes and Proteobacteria phyla decreased to 

24 and 9%, respectively (Figure 6.5A). The most abundant families after Phase III were 

Synergistaceae (i.e. 21%) and Rikenellaceae (i.e. 15%) (Figure 6.5B). Lv et al. (2019) reported 

the dominance of the Synergistaceae and Rikenellaceae families in the AD of a similar 

substrate, i.e. straw. The abundance of the Synergistota phylum has been recently reported in a 

phenol-degrading study working with concentrations comparable with this study (Li et al., 
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2022). The enrichment in the Synergistota phylum could be associated with the polyphenols 

released from HS. Nevertheless, further studies are required to confirm this hypothesis. 

In Phase IV, macerated HS was fed to the reactor (Table 6.1). In this phase, the Rikenellaceae 

and Dysgonomonadaceae families (affiliated with the Bacteroidota phylum) enriched (Figure 

6.5B), resulting in a 41% relative abundance of the Bacteroidota phylum (Figure 6.5A). In 

particular, the Dysgonomonadaceae family was enriched from Phase III and increased until day 

150 of operation, reaching 18% of the relative abundance (Figure 6.5B). The 

Dysgonomonadaceae family include hydrolytic genera capable of degrading recalcitrant 

polysaccharides, such as the carbohydrates of LMs (Owusu-Agyeman et al., 2022). As 

explained in Section 6.3.3, Phase V was affected by a new inoculation on day 150. The fresh 

DBM was abundant in Rikenellaceae (i.e. 14%), Bacteroidaceae (i.e. 14%), and Synergistaceae 

(i.e. 11%) families. The Rikenellaceae family enriched (i.e. 26%) until day 167 while feeding 

organosolv-pretreated HS. Nevertheless, this family gradually disappeared in the following 

phases to the benefit of the Synergistaceae family. The microbial community readapted to the 

substrate in the standby period. On day 195, the phyla present in the reactor were comparable 

with those present during Phase III (Figure 6.5A). 

In Phase VI, feeding raw HS, the relative abundance of the Proteobacteria (i.e. 15%) and 

Spirochaetota (i.e. 6%) phyla increased. However, the most present phyla were Bacteroidota 

(i.e. 32%), Synergistota (i.e. 19%) and Firmicutes (i.e. 19%) (Figure 6.5A). At the family level, 

Synergistaceae (i.e. 19%) and Dysgonomonadaceae (i.e. 11%) were the most abundant (Figure 

6.5B). The main difference with Phase III was the lower abundance of hydrolytic bacteria, 

which was likely the reason of the lower methane production (Pasalari et al., 2021). 

Spirochaetaceae (i.e. 6%) (Figure 6.5B), affiliated with the Spirochaetota phylum, is a family 

of complex polymer-oxidising bacteria that can be associated with the increased input of 

polyphenols along with the feeding of raw HS (Zhu et al., 2022). On the contrary, 

Proteobacteria was the dominant phylum after digesting raw and pretreated rice straw for 60 

days (Mirmohamadsadeghi et al., 2021). The abundance of the Proteobacteria phylum was 

previously associated with the endogenous conditions occurring when the carbon source 

became scarce at the end of the AD process (Pasalari et al., 2021). 

In Phase VII, organosolv-pretreated HS was fed to the reactor. Bacteroidota and Synergistota 

phyla reached 37 and 23%, respectively (Figure 6.5A). On the contrary, the Firmicutes, 

Proteobacteria, and Spirochaetota phyla decreased (Figure 6.5A). In particular, the 
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Spirochaetota decrement (i.e. below 2%) seems to confirm the correlation between polyphenols 

and the Spirochaetota phylum (Zhu et al., 2022). In Phase VII, the most abundant families were 

Synergistaceae (i.e. 23%), Dysgonomonadaceae (i.e. 15%), and Lentimicrobiaceae (i.e. 11%). 

The Lentimicrobiaceae family (affiliated with the Bacteroidota phylum) is associated with 

cellulase and xylanase activity (Jensen et al., 2021), which can be related to the higher HS 

degradation and subsequent methane production observed in Phase VII (Figure 6.5A). 
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Figure 6.5 – Changes in the microbial community at phylum (A) and family (B) level during the anaerobic 

digestion of hazelnut skin under fed-batch mode operation. All the relative abundances below 3% were grouped 

as Others. 

A 

B 
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6.3.5 Importance of reactor configuration for fed-batch anaerobic digestion 

The organic load and retention time of the substrate are crucial parameters for efficient AD, 

also affecting the economy of the entire process. When digesting liquid or semisolid substrates, 

such as sludge or slurries, organic loading rate and hydraulic retention time are more commonly 

used (Pasalari et al., 2021). In contrast, for solid substrates, such as LMs, the retention time, i.e. 

SWRT, should refer only to the solid matter. 

Most of the studies investigating the AD of LMs under fed-batch operation used a stirred tank 

reactor and fed the reactor by replacing an aliquot of substrate and inoculum with a fresh amount 

of the same mixture (Lahboubi et al., 2020; Wang et al., 2021). In this study, an alternative 

reactor configuration was developed that decoupled the SWRT of the HS from the solid biomass 

retention time (SBRT), which allows microbial growth during the SBRT while shortening the 

SWRT (Okoye et al., 2022). A low SWRT is desirable to reduce the costs of AD. However, 

when SWRT and SBRT are coupled, shortening this time can lead to washout of 

microorganisms and imbalance of the microbial community at the expense of methanogens 

(Pasalari et al., 2021). 

The core of the reactor proposed in this study is the SSMC used to retain the HS while being 

soaked in the reactor microbial biomass (Figure 6.1D). This configuration allowed to set the 

desired SWRT regardless the microbial biomass, which was left enriching for the entire 

operating time, apart from the liquid sampling and the extra inoculation on days 80 and 150 

(Figure 6.2B). Microbial community acclimation is a crucial factor for AD, especially in the 

case of LMs, since hydrolytic bacteria need to adapt to the substrate and hydrolise it. Therefore, 

lowering the SBRT can result in ineffective AD (Pasalari et al., 2021; Xu et al., 2019). To the 

best of the authors’ knowledge, the SSMC has never been used in AD to decouple SWRT and 

SBRT. 

From the perspective of upscaling this configuration, a further advantage is the easy mixing of 

the reactor, most of the solids being retained in the SSMC. Mixing represents one of the highest 

operating costs, especially in dry and semidry AD. Additionally, feeding and withdrawal of the 

substrate are facilitated since no pumping is required. Also, the solid content of the digested 

LM is higher than a digestate obtained from a stirred tank reactor since it is mainly composed 

of undigested lignin from the LM, which reduces the costs of drying the digestate (Peng et al., 

2020).  
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Despite the promising perspective, this configuration also raised some concerns, such as the 

risk of accumulating inhibitory compounds in the liquid phase of the reactor. In addition, to 

ensure an optimal inoculum to substrate contact, a highly porous substrate is required, such as 

HS. Finally, in view of upscaling this configuration, further studies are required to design a 

SSMC that guarantees the optimal inoculum to substrate contact once the volume of the SSMC 

and the amount of retained substrate are increased. 

6.4 Conclusion 

The AD of HS was improved over long-term fed-batch operation by reducing the SWRT and 

increasing the organic load. Polyphenols concentration and the pH control strategy were crucial 

to maintain an efficient AD. Methanol-organosolv pretreatment reduced the lignin and 

polyphenolic content of HS by 9 and 97%, respectively, resulting in a 21% increment of the 

methane production. Maceration removed 82% of the polyphenols, but negatively affected the 

methane production from HS. The reactor configuration here proposed allowed the enrichment 

of an efficient microbial community for HS degradation, but requires further optimisation 

before being implemented on a larger scale. 
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General discussion and future perspectives  
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7.1 Introduction 

This thesis focused on the development of efficient strategies to valorise highly recalcitrant 

lignocellulosic materials (LMs). The main goal was to enhance methane production through 

anaerobic digestion (AD) while studying the impact of chemical and physical characteristics of 

LMs on the AD process. Three different substrates in terms of chemical composition and 

physical properties were selected, i.e. hazelnut skin (HS), almond shell (AS), and spent coffee 

grounds (SCG). HS is an abundant waste from hazelnut harvesting. In the last season, i.e. 2020 

– 2021, 0.5 billion tons of hazelnuts were collected (International Nut and Dried Fruit Council 

Foundation, 2021). HS represents only 3% of the overall hazelnut weight (Spagnuolo et al., 

2021). Nevertheless, HS has an extremely high bulk density that creates disposal problems for 

the confectionery industry. Similarly, almonds relate to the food processing industry, but the 

global almond production is much higher than that of hazelnuts, i.e. 1.7 billion tons per year 

(International Nut and Dried Fruit Council Foundation, 2021), and the shell represents over 

50% of the entire fruit mass (Queirós et al., 2020). Finally, SCG are the end waste of the coffee 

supply chain, reaching over 6 million tons produced per year (Torres-Valenzuela et al., 2019). 

The three substrates widely differ in chemical composition and physical characteristics. HS is 

particularly rich in lignin, i.e. 40 - 44%, whereas it is poor in structural sugars, mainly being 

glucan, i.e. 10%. On the other hand, AS is more balanced among lignin, i.e. 29 - 37%, cellulose 

(mainly glucan), i.e. 13 - 23%, and hemicellulose (mainly xylan), i.e. 21 - 28%. SCG is 

particularly rich in hemicellulose sugars (mainly mannan and galactan), i.e. 34%, and lignin, 

i.e. 19 - 20%, but poor in cellulose, i.e. 9%. Among the three, AS and SCG, having a high sugar 

content, are the most promising for biofuel production. Nevertheless, the experimental activities 

performed in this thesis demonstrated that other factors are involved in the biodegradation of 

LMs. For instance, the porosity index, evaluated through the water retention capacity (Tables 

3.5 and 4.3), and the scanning electron microscopic (SEM) images (Figures 3.5 and 4.3), 

revealed that AS is hardly attackable by microorganisms due to its low porosity index and 

coriaceous external surface (Chapters 3 and 4). 

An important pillar of this thesis was the impact of non-structural compounds on the AD 

process (Chapters 5 and 6). Non-structural compounds, i.e. extractives, are generally 

overlooked when investigating LMs. This blind zone originates from the idea that extractives 

only represent 5 - 10% of the overall chemical composition (Tajmirriahi et al., 2021). This 

extractives content is truthful in the case of the most and primarily investigated LMs, i.e. straws 
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and wood residues (Balat, 2011). On the other hand, the growing search for alternative biomass 

for energy production has led to the study of different LMs. The nut and coffee residues 

investigated in this thesis are particularly rich in non-structural compounds (Chapters 3, 4, and 

5). In particular, HS and SCG are composed of 28 - 35 and 29 - 30% of extractives (Tables 3.4, 

4.2, and 5.3), respectively. On the other hand, the extractives content in AS falls in the 10% 

range (Tables 3.4, 4.2, and 5.3). 

Given the different chemical and physical characteristics among the three LMs, various 

pretreatments, i.e. organosolv (Chapter 3), N-Methylmorpholine N-Oxide (NMMO) (Chapter 

4), and ultrasounds (Chapter 5), were tested to enhance the biodegradation of HS, AS, and SCG 

(Figure 7.1). Several pretreatment conditions, i.e. temperature, catalyst addition, exposure time, 

and type of medium, were tested, depending on the pretreatment technique. The last 

experimental activity (Chapter 6) aimed to scale up the process to a lab-scale bioreactor 

operated in fed-batch mode (Figure 7.1). The fed-batch operation provided further insights into 

the AD of raw and pretreated LMs. This study highlighted the impact of non-structural 

compounds on the AD of extractives-rich LMs, showing the importance of the reactor 

configuration and adaptation of the microbial community to the LM.  
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Figure 7.1 – Main findings achieved from the different chapters of this PhD thesis. 
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7.2 Main findings and comprehensive discussion 

7.2.1 Hazelnut skin 

The experimental activities performed in batch mode (Chapters 3, 4, and 5) revealed that a deep 

characterisation of the substrate is required to select the most appropriate pretreatment of HS. 

HS has a less favourable composition for methane production than AS and SCG. However, its 

high porosity index (Tables 3.5 and 4.3) enabled the maximal effectiveness of solvent-based 

pretreatments (Chapters 3 and 4). Having a high porosity allows the solvents to easily soak the 

HS, with great solvent-substrate contact. In particular, the organosolv pretreatment performed 

in Chapter 3 greatly enhanced the methane production from HS (Figure 7.2). The pretreatment 

was performed using a 50% (v/v) methanol (MeOH) solution heated at 130, 160, and 200 °C, 

with or without catalyst addition. The baseline biochemical methane potential (BMP) of raw 

HS reported in Chapter 3, i.e. 17.3 (± 32.3) CH4/g VS, was also affected by the scarce 

microorganisms-substrate contact obtained using a granular sludge as the inoculum. However, 

the organosolv pretreatment overcame this issue, yielding an easier biodegradable pretreated 

HS. The MeOH-organosolv pretreated HS achieved 310.6 (± 22.2) CH4/g VS, at best (Chapter 

3). The most performing pretreatment condition was 130 °C using 0.01M H2SO4 to enhance the 

reaction. The catalyst addition resulted in a 20% further increment of methane production and 

lowered the required pretreatment temperature (Figure 3.2), resulting in significant energy 

recovery (up to 1.35 kWh/kg VS). The enhanced BMP was attributed to the lignin removal (up 

to 12%) and exposure of the cellulosic fibers shown by the SEM images (Figure 3.5).  

Chapter 4 discussed the effect of NMMO pretreatment on LMs. In this study, a different 

inoculum, i.e. digestate from buffalo manure (DBM), was used to guarantee a greater 

microorganisms-substrate contact. For HS, in particular, the inoculum turned out to be a key 

factor. The raw HS produced 265.5 (± 10.4) CH4/g VS, being significantly higher than what 

was observed in Chapter 3 with anaerobic granular sludge. This result showed that the type of 

inoculum and its capability of reaching the substrate also affects the AD process. Changing the 

inoculum also resulted in different model employed to fit the experimental data. The granular 

sludge used in Chapter 3 hardly attacked the HS, resulting in a first stage, where the easily 

biodegradable matter, i.e. free sugars, was converted to methane, and a second step, where the 

structural sugars were digested. In contrast, the DBM allowed a greater contact with the HS, 

with the experimental data of the methane production fitting the typical, i.e. one-stage, modified 

Gompertz model. Once again, the BMP of HS was positively affected by the pretreatment. 

NMMO pretreatment was performed at 120 °C for 1, 3, and 5 hours (Figure 7.3). All the tested 
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conditions enhanced the BMP of HS, achieving a maximal production of 400.4 (± 9.5) mL 

CH4/g VS for the 5 h pretreated HS (Figure 4.5). NMMO pretreatment acted on the cellulosic 

component of HS by reducing the lateral order index (LOI), meaning that easily accessible 

cellulose was returned after pretreatment (Table 4.3). Additionally, the water retention capacity 

(WRC) increased after pretreatment (Table 4.3). Interestingly, the NMMO pretreatment also 

reduced the lignin content of HS (up to 29%) (Table 4.2), most likely due to the extremely high 

porosity of HS, which enabled a perfect soak of this substrate in the solvent during the 

pretreatment. The loss of lignin resulted in a higher sugar content (up to 120%) (Table 4.2). The 

changes in chemical and physical characteristics resulted in an increased BMP and higher 

volatile solid (VS) degradation (up to 54%) during the AD process (Figure 4.6).  

In Chapter 5, ultrasound pretreatment was carried out using different media, i.e. distilled water 

and 50% (v/v) catalysed (i.e. 0.01M H2SO4) MeOH solution, at ambient temperature (i.e. 20 

°C) and 80 °C (Figure 7.4). The pretreated HS residues showed lower lignin (up to 10%) and 

extractives (up to 13%) content (Table 5.3). Consequently, the sugar content increased by 25%, 

at best (Table 5.3). Despite the most favourable lignocellulosic composition, none of the 

pretreatment conditions enhanced the BMP of HS (Figure 5.2). On the other hand, the liquid 

stream recovered after pretreatment was particularly rich in valuable biomolecules (Table 5.2). 

The polyphenols concentration in the liquor reached 11.5 (± 0.1) g/L, being significantly higher 

when using the MeOH solution as the medium (Table 5.2). The polyphenols extracted resulted 

either from the lignin disruption due to ultrasonic waves or from the free polyphenols present 

in the extractives of HS (Chapter 6). Apart from polyphenols, the liquor obtained from HS after 

ultrasound treatment was extremely rich in sugars (Table 5.2). A higher sugar concentration, 

i.e. 13.2 (± 0.3) g glucose/L, was measured in the MeOH-based medium recovered after 

ultrasound pretreatment (Table 5.2). The sugars extracted and the substrate solubilisation 

(ranging from 15 to 24%) explain the failure to increase the BMP of HS. The liquor offers 

several opportunities, such as the selective recovery of the valuable molecules solubilised, 

which can be an attractive perspective for further studies. In addition, the water-based liquor 

was used as the substrate for AD, producing 85.3 (± 12.2) mL CH4/100 mL liquor at best (Figure 

5.1). On the other hand, the AD of the MeOH-based liquor was inhibited by the presence of 

MeOH and did not show any methane production (Figure 5.1). 
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Figure 7.2 – Impact of methanol-organosolv (Chapter 3), NMMO (Chapter 4), and ultrasounds (Chapter 5) 

pretreatments on methane production potential of hazelnut skin. 

7.2.2 Almond shell 

AS was the most recalcitrant substrate among the three studied in this PhD thesis. Despite the 

high sugar content, i.e. 43 - 45% (Tables 3.4, 4.2, and 5.3), the physical properties hindered AS 

biodegradation. The WRC of raw AS, i.e. 0.53 g H2O/g TS (Table 4.3), is an index of the low 

porosity of this substrate. Low porosity negatively influences the effectiveness of solvent-based 

pretreatments and the microorganisms-substrate contact during AD. Additionally, the cellulose 

present in AS showed a high LOI, indicating that crystalline regions prevail over amorphous 

areas. Crystalline cellulose is hardly biodegradable during AD (Xu et al., 2019). In Chapter 3, 

the maximum methane production from AS was 24.8 (± 2.6) mL CH4/g VS (Figure 7.2), and 

none of the investigated pretreatment conditions significantly increased this yield (Figure 3.2). 

The SEM images showed the hard and compact external surface of AS, which was not impacted 

by the pretreatment (Figure 3.5). Apart from the extractives removal, AS did not show 

significant changes after organosolv pretreatment, neither in lignocellulose composition nor in 

porosity index (Table 3.4).  
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Chapter 4 confirmed the importance of the type of inoculum previously enlightened for HS. 

The low methane production observed in Chapter 3 did not allow to fit the experimental data 

with a model. On the other hand, the trend in methane production observed when DBM was 

used as the source of microorganisms followed the typical "S" shape fitting the modified 

Gompertz model. Using the DBM as the inoculum increased the BMP of raw AS up to 54.7 (± 

5.3) mL CH4/g VS (Table 4.4). Contrary to the organosolv, NMMO pretreatment was effective 

on AS (Figure 7.3). In particular, the 5 h NMMO pretreatment increased the BMP of AS by 

58% (Figure 4.5). The improvement in BMP was likely due to the LOI reduction and WRC 

increment (Table 4.3). Nevertheless, the enhanced methane production obtained from AS is still 

far from the theoretical maximum methane production, i.e. 490 mL CH4/g VS, as confirmed by 

the VS degradation during AD, which reached 21% at best (Figure 4.6).  

The ultrasound pretreatment performed in Chapter 5 resulted in two streams, i.e. liquor and 

solid residues (Figure 7.4). The solid residues showed a lower extractives content, but no 

significant changes in lignin or sugar content (Table 5.3). The BMP of pretreated AS was 

constantly below that of raw AS (Figure 5.2). The solubilisation percentage calculated after 

pretreatment (i.e. 6%) was significantly lower than that observed for HS, i.e. 15 - 24% (Table 

5.2). The low solubilisation is likely due to the leathery and resistant structure of the AS, which 

did not allow the ultrasonic waves to penetrate the substrate. The polyphenols and sugars 

concentration measured in the liquor obtained from AS was higher in the MeOH-based media 

and increased with the pretreatment temperature (Table 5.2). The maximum concentrations of 

extracted polyphenols and sugars measured in the liquor were 0.5 (± 0.0) and 2.9 (± 0.1) g/L, 

respectively (Table 5.2). Similarly to HS, the presence of MeOH inhibited the AD of the liquor 

from AS (Figure 5.1), whereas the water-based liquors obtained at ambient temperature and 80 

°C produced 84.4 (± 2.6) mL and 107.0 (± 6.2) mL CH4/100 mL liquor, respectively (Figure 

5.1). 
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Figure 7.3 – Impact of methanol-organosolv (Chapter 3), NMMO (Chapter 4), and ultrasounds (Chapter 5) 

pretreatments on methane production potential of almond shell. 

7.2.3 Spent coffee grounds 

Contrary to the nut residues, the type of inoculum was found not to significantly affect the AD 

of SCG (Figure 7.2). The BMP of raw SCG observed in Chapter 3 and Chapter 4 was 293.4 (± 

46.6) and 337.4 (± 16.5) mL CH4/g VS, respectively (Tables 3.3 and 4.4). This result is likely 

due to the small particle size of SCG. The SCG, being a powder, guarantee an adequate contact 

with the inoculum, despite the physical limitation of the granular sludge. Nevertheless, similarly 

to HS, the trend of methane production from SCG using a granular sludge as the inoculum was 

characterised by two stages, whereas using the DBM allowed a more stable AD process, with 

a lag phase followed by an exponential increase in methane production before reaching the 

steady state.  

The organosolv pretreatment performed in Chapter 3 resulted in a lower lignin and extractives 

content (Table 3.4) and increased porosity index of the pretreated SCG (Table 3.5). However, 

these changes did not translate in significant increment of the BMP, with the maximum 

production, i.e. 322.9 (± 19.5) mL CH4/g VS (Figure 3.2), being statistically comparable with 

the raw SCG. Similarly, the NMMO pretreatment investigated in Chapter 4 (Figure 7.3) 
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increased the WRC of SCG (Table 4.3), but did not significantly increase the BMP of this 

substrate (Figure 4.5). After AD, the analysis of degraded VS showed that the raw SCG was 

already highly biodegradable (i.e. 71%) (Figure 4.6), leaving little extra potential to be unlocked 

with pretreatments. For this reason, further investigation should be focused on the valorisation 

of the components not being degraded during AD, i.e. lignin, and on the valuable biomolecules 

present in the extractives.  

Chapter 5 focused on both liquid and solid streams recovered after ultrasound pretreatment 

(Figure 7.4). The substrate solubilisation increased with the pretreatment temperature, up to 

21% (Table 5.2). The compositional analysis of pretreated SCG showed that only the 

extractives content was significantly lower than that of raw SCG (Table 5.3). The polyphenols 

solubilisation increased with pretreatment severity, i.e. highest temperature and use of MeOH 

solution as the medium (Table 5.2). On the other hand, the maximal sugar extraction was 

observed in water-based liquor pretreated with ultrasounds at 80 °C (Table 5.2). The highest 

concentrations of polyphenols and sugars measured in the liquor were 0.8 (± 0.0) and 2.7 (± 

0.1) g/L, respectively (Table 5.2). The BMP of the water-based liquors obtained at ambient 

temperature and 80 °C were 102.9 (± 5.9) mL and 160.9 (± 16.6) mL CH4/100 mL liquor, 

respectively (Figure 5.1). The BMP of SCG recovered after ultrasound pretreatment was 

comparable with the raw substrate, achieving 366.2 (± 4.2) mL CH4/g VS (Figure 5.2). 

However, the methane production rate slightly increased by 13% (Table 5.4). 
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Figure 7.4 – Impact of methanol-organosolv (Chapter 3), NMMO (Chapter 4), and ultrasounds (Chapter 5) 

pretreatments on methane production potential of spent coffee grounds. 

7.2.4 Fed-batch anaerobic digestion of hazelnut skin  

Among the three substrates investigated in this thesis, HS was the most interesting for its 

lignocellulosic composition, extractives content, and response to pretreatments. Therefore, HS 

was chosen to investigate the impact of long-term AD in fed-batch mode (Figure 7.5) (Chapter 

6). A novel reactor configuration was proposed to decouple the solid waste retention time 

(SWRT) from the solid biomass retention time (SBRT). A stainless steel mesh container 

(SSMC) (Figure 6.1) was used to retain the HS while being soaked in the liquid phase of the 

reactor, where the microorganisms were enriched over long-term operation (Figure 6.5). A short 

SWRT is desirable to reduce the operating costs of the AD process. On the contrary, 

microorganisms may require a longer time to adapt to the LM. The microbial community 

analysis showed the enrichment of microbial phyla capable of degrading highly recalcitrant 

substrates, such as HS (Figure 6.5). The reactor configuration allowed increasing the HS load 

while reducing the SWRT. Raw HS produced maximally 19.29 mL CH4/g VSadd/d (Figure 6.2). 

Interestingly, the accumulation of polyphenolic compounds in the liquid phase of the reactor 

(Figure 6.4A) turned out to be an inhibitory factor for AD. On the contrary, this factor did not 
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emerge in batch mode (Chapters 3, 4, 5). Once the HS load was increased and the SWRT 

shortened, pH correction was required to maintain the reactor under optimal conditions for 

methane production. The use of NaOH for pH correction negatively affected the reactor 

operation, likely due to the reaction with the accumulated polyphenols and the formation of 

sodium phenolate. Sodium phenolate is an antiseptic and disinfectant aromatic alcohol that 

inhibits microorganisms’ growth (Prado Martin et al., 2013). NaOH was replaced with Na2CO3 

for pH control, and no further issues were observed when dosing the alkaline solution. 

Although the formation of sodium phenolate was averted, the accumulation of polyphenols or 

other compounds in the liquid phase of the reactor can still lead to AD failure in long-term 

operation. A 3 h maceration of the HS was tested before AD to overcome this issue. The 

maceration removed 82% of the polyphenols present in HS (Table 6.3). Nevertheless, the 

methane production potential of macerated HS was negatively affected by maceration (Figure 

6.2). In addition, the polyphenols concentration in the liquid phase of the reactor was stable, 

despite switching to macerated AD as the reactor feeding (Figure 6.4A). Alternatively, the most 

performing MeOH-organosolv pretreatment from Chapter 3 was selected. Organosolv 

pretreated HS has a lower lignin (by 9%) and polyphenols (by 97%) content than raw HS (Table 

6.3). When feeding organosolv pretreated HS, the polyphenols concentration in the liquid phase 

was reduced (Figure 6.4A), and the overall methane production increased by 21% (Figure 6.2). 

 

Figure 7.5 – Enhanced anaerobic digestion of raw, macerated, and organosolv-pretreated hazelnut skin in fed-

batch mode (Chapter 6). 

7.3 Conclusion of this thesis on valorisation of nut and coffee residues 

The three pretreatments investigated in this thesis showed that MeOH-organosolv and NMMO 

pretreatment are the most effective techniques to enhance the AD of HS. On the other hand, 

only NMMO pretreatment enhanced the methane production potential of AS. Finally, none of 
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the investigated strategies unlocked extra methane production potential from SCG. However, 

the ultrasound pretreatment showed promising results to valorise the liquid streams of the three 

substrates. The common point between the three pretreatments was the removal of extractives 

from the three LMs. In particular, HS and SCG can be further investigated to explore the full 

potential of the non-structural valuable molecules representing a significant aliquot of their 

composition. On the other hand, another possibility to valorise highly resistant substrates, such 

as AS, can be co-digestion with other substrates depending on the availability in the surrounding 

region of the LM collection. Considering the example of confectionary industries, the co-

digestion of the residues from nuts, coffee and cocoa should be investigated to mitigate the 

impact of the most recalcitrant fractions during AD.  

7.4 Recommendations and future perspectives 

7.4.1 Alternative pretreatment strategies for lignocellulosic materials 

Conventional and more severe strategies, such as steam explosion or acid pretreatment, may be 

tested to undermine the external barrier of AS. Steam explosion was effective for several LMs 

(Sarker et al., 2021). Nevertheless, it requires severe pretreatment conditions, such as high 

temperature (i.e. 160 - 260 °C) and pressure (i.e. 5 - 50 atm), which increase the overall cost of 

the pretreatment, and can lead to hemicellulose sugars loss (Amin et al., 2017). Acid 

pretreatment is one of the most studied techniques for LMs valorisation. However, the waste 

streams from acid pretreatment generally have a high environmental impact (Solarte-Toro et 

al., 2019). 

Focusing on the pretreatments proposed in this thesis, other organic solvents may be explored 

for lignin dissolution. Lignin is highly soluble in pyridine and dimethyl sulfoxide (DMSO) 

(Sameni et al., 2017). However, the easy recovery, low cost, and lack of toxicity promoted the 

use of ethanol, methanol, and acetic acid (Ferreira and Taherzadeh, 2020). Among these, 

ethanol is the most studied organic solvent. Nevertheless, methanol showed promising results 

in this thesis for methane production from HS as well (Chapter 3). On the contrary, Mancini et 

al. (2018) failed to increase the methane production potential of HS using ethanol as the organic 

solvent. Acid catalysts are the most employed, with H2SO4 being the most performing on a 

wide range of LMs (Ferreira and Taherzadeh, 2020). Nevertheless, alternative catalysts, e.g. 

NaOH (Zhong et al., 2021) and oxalic acid (Sar et al., 2022), would benefit from further studies 

since they have only been tested on a few LMs. In any case, the economic viability of the 

pretreatment using these alternative compounds should be carefully evaluated. 



208 

 

The swelling-mode, i.e. 73% (w/w), NMMO pretreatment successfully enhanced the AD of HS 

and AS (Chapter 4). The exposure time may be further extended, but the energy demand and 

process costs will consequently increase. Other solvents acting on the cellulosic component of 

the biomass can be tested, aiming to undermine the most recalcitrant substrates, e.g. AS. Ionic 

liquids, e.g. 1-butyl-3-methylimidazolium chloride ([Bmim][Cl]), 1-allyl-3-

methylimidazolium chloride ([Amim][Cl]), and 1-ethyl-3-methylimidazolium acetate 

([Emim][OAc]), can dissolve cellulose, but the high costs of their synthesis limited the ionic 

liquids perspective till now (Chen et al., 2019). In particular, the synthesis of new ionic liquids 

with high hydrogen bonds accepting ability of cations and anions should be promoted, this 

property being positively correlated with the cellulose solubility in the solvent (Chen et al., 

2019). In addition, more severe ultrasounds conditions (Chapter 5), e.g. higher energy density 

applied, as well as coupling the ultrasounds with other solvent-based pretreatments can be 

tested. 

Pretreatments account for about 40% of the overall costs in the biorefinery of LMs (Haldar and 

Purkait, 2021). For this reason, emerging pretreatments involving recyclable solvents should be 

preferred over the traditional techniques mentioned above. Apart from the three pretreatments 

investigated in this PhD thesis, an innovative strategy is recently emerging and can be the 

starting point for future studies, i.e. deep eutectic solvents (DES) pretreatment. DES have been 

proposed as an alternative to NMMO and ionic liquids (Chen et al., 2019). DES are mixtures 

of two or three components, i.e. hydrogen bond donors and hydrogen bond acceptors, with a 

melting point lower than that of each component of the mixture (Isci and Kaltschmitt, 2021). 

Contrary to NMMO and ionic liquids, DES are more effective in lignin removal than cellulose 

dissolution (Wang and Lee, 2021). Nevertheless, this PhD thesis showed that the NMMO 

pretreatment is also effective on the lignin content when performed under specific pretreatment 

conditions (Chapter 4). DES can be approximately recovered by 90% (Isci and Kaltschmitt, 

2021), which is lower than the NMMO recovery yield, i.e. 99% (Sayyed et al., 2019). On the 

other hand, DES are easily biodegradable and significantly less expensive than NMMO (Wang 

and Lee, 2021). At the current status, DES pretreatment has mainly been used for LMs 

fractionation, but only a few studies investigated the impact on the methane production potential 

of the solid residues (Olugbemide et al., 2021; Yu et al., 2019). Further studies may be proposed 

to select the optimal conditions for selective recovery of the lignin while leaving the structural 

sugars untouched for subsequent AD. 
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7.4.2 Cascade process for advanced valorisation of lignocellulosic materials 

The present thesis showed how to valorise recalcitrant LMs through AD, choosing the most 

performing pretreatment technique depending on the lignocellulosic composition and physical 

properties of the LM. Nevertheless, the presence of biomolecules different from cellulose, 

hemicellulose, and lignin should also be considered when these represent a considerable amount 

of the overall substrate composition. In this thesis, it was observed that, despite the 

enhancement in methane production, well-established pretreatments, e.g. organosolv, barely 

changed the lignocellulosic composition of the LMs here investigated. This behaviour can be 

due to the abundance of other biomolecules, i.e. extractives, which likely undermined the 

pretreatment mechanisms once released in the aqueous solvent solution. This hypothesis will 

need further investigations and can be verified by performing a selective removal of these 

components. 

In this perspective, the path proposed in Figure 7.6 can be followed when dealing with highly 

recalcitrant (i.e. high lignin content) and extractives-rich LMs. Partial or complete extractives 

removal can be achieved by maceration or performing pretreatments under milder conditions 

than usual, e.g. lower temperature, shorter duration, or lower solvent concentration. Mild 

pretreatment should avoid changes in the structural components, e.g. structural sugar 

hydrolysis, while removing the non-bound biomolecules. After that, a stronger pretreatment 

can be performed on the extractives-free LM. The third step can be the AD of the pretreated 

substrate. The present thesis showed that, despite pretreatments enhancing the biodegradability 

of LMs, they still exhibit a high non-biodegraded VS content after AD. In Chapter 4, the 

NMMO pretreatment enhanced the VS degradation from HS from 24 to 54%. The remaining 

VS are likely mainly lignin, a non-biodegradable component during AD. Therefore, the 

digested lignin-rich LM can undergo post-treatment, e.g. organosolv, for a full lignin recovery. 

 

Figure 7.6 – Proposed pathway for advanced valorisation of extractives and lignin rich lignocellulosic materials. 
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7.4.3 A zero solid waste approach for lignin-rich substrates 

The reactor configuration proposed in Chapter 6 for AD of HS biodegradation is based on the 

use of a SSMC to decouple the SWRT of the HS from the SBRT. This configuration allows 

obtaining a lignin-rich digestate with lower moisture content than the digestate from a stirred-

tank reactor (STR). The digested LM recovered from the SSMC is likely to be mainly lignin 

due to the degradation of sugars during the AD process. The digestate is commonly used as a 

soil amendment (Mosa et al., 2018). However, a few studies reported that digested LMs are 

particularly profitable for biochar production (Ghysels et al., 2019; Inyang et al., 2010).  

Biochar is emerging as an alternative to activated carbon due to the lower cost and great 

potential to enhance the AD process. The meta-analysis conducted by Alhashimi and Aktas 

(2017) showed that biochar production requires significantly lower energy than activated 

carbon (i.e. 6.1 MJ/kg vs 97.0 MJ/kg), which considerably reduces the overall costs. Biochar 

generally has lower specific surface and adsorption capacity than activated carbon but more 

abundant surface functional groups (Tan et al., 2017). On the other hand, biochar can be 

activated using physical (e.g. steam and gas activation) and chemical (e.g. alkali, acid and 

oxidation treatment) methods to increase its adsorption capacity (Tan et al., 2017). Biochar is 

produced via pyrolysis at 350 - 650 °C in an oxygen-free environment. Together with biochar, 

the main product from pyrolysis is syngas, mainly composed of CO, CO2, and CH4 (Zhao et al., 

2021). The gaseous stream can be used for bioethanol or biobutanol production via 

solventogenesis (He et al., 2022, 2021a, 2021b). 

Biochar is usually produced from raw LMs. However, producing biochar from digested LMs 

offers the advantage of generating extra biofuels during the preceding AD process. The biochar 

from digested LMs fits well with the idea of a zero solid waste approach to valorise lignin-rich 

LMs. The biochar can be reintegrated into the AD process to enhance the AD performance and 

can be used to upgrade the biogas to biomethane (Route1 in Figure 7.7) removing CO2 and 

hydrogen sulfide impurities (Das et al., 2019; Zhao et al., 2021). An alternative to biogas 

upgrading for energetic purposes is to use methane-oxidizing bacteria to produce biofuels, e.g. 

methanol, biopolymers, e.g. polyhydroxyalkanoates (PHAs), and biomolecules, e.g. microbial 

proteins, from the methane generated from the AD process (Route 2 in Figure 7.7) (Patel et al., 

2021). Previous studies demonstrated that upgraded biogas is more profitable than raw biogas 

for microbial protein production (+ 6% in protein content) (Acosta et al., 2020). Nevertheless, 
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the costs and benefits of upgrading the biogas before protein production should be carefully 

evaluated. 

The biochar addition helps the AD stability by mitigating the impact of volatile fatty acids 

(VFAs) accumulation (Zhu et al., 2022). Also, biochar is an electron conductor, and its addition 

to the AD process can enhance the direct interspecies electron transfer (DIET) between 

syntrophic acetogens and methanogens (Qiu et al., 2019). In this perspective, the biochar 

addition is profitable when incomplete fermentation for VFAs production and chain elongation 

is desired (Liu et al., 2017; Lu et al., 2020). Nevertheless, biochar addition can also inhibit the 

AD process (Zhao et al., 2021), and further studies are required to disclose this aspect. 

Apart from the well-known applications, biochar can be employed for polyphenols recovery. 

Abid et al. (2022) recently used the biochar from olive mill solid waste to adsorb the 

polyphenols from olive mill wastewater. This is an interesting perspective for substrates rich in 

lignin and polyphenols such as HS. Therefore, the biochar from the digested HS could be used 

to adsorb the polyphenols recovered in a mild pretreatment and mitigate the impact of 

polyphenols in fed-batch AD. Chapter 5 showed that it is difficult to extract valuable molecules 

selectively from LMs. For instance, after ultrasound treatment, the HS liquor was rich in sugars 

and polyphenols. The biochar produced from a lignin-rich digestate could address this issue due 

to its affinity with polyphenols, because of the abundance in phenolic functional groups into 

the biochar (Zhao et al., 2021). This hypothesis needs experimental evidence to be confirmed, 

which involves optimising the biochar production and the experimental conditions for a 

selective recovery of polyphenols. In the zero solid waste approach here proposed (Figure 7.7), 

the outlet biochar from AD will be regenerated and used as an amendment for agricultural 

purposes once exhausted. On the other hand, the biochar used for polyphenols adsorption can 

be regenerated and a polyphenol-rich solution can be obtained for further use in food chemistry, 

cosmetic, and technological applications (de Araújo et al., 2021; de Lima Cherubim et al., 

2020). 
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Figure 7.7 – Zero solid waste approach for a complete valorisation of lignocellulosic materials (LMs). The non-bound biomolecules are separated from the LM and selectively 

recovered using the biochar produced from the lignin-rich digestate after anaerobic digestion (AD). The extractives-free LMs are pretreated and, subsequently, used as the 

substrate for AD in a bioreactor equipped with the mesh container proposed in Chapter 6. The biogas produced during AD is upgraded to biomethane (Route 1) using the same 

biochar produced from the digested LM, whereas the syngas can be used for biofuels production through solventogenesis. Alternatively, biogas can be used as the substrate to 

produce biofuels, biopolymers, and biomolecules through methane-oxidizing bacteria (Route 2).
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