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Abstract 

Hydrothermal liquefaction (HTL) of biomass and bio-waste is a promising waste 

management technology that might produce renewable bio-crude and other 

valuable aqueous and solid organic products from non-conventional, non-edible 

biomass and waste sources. The yields and properties of the product phases 

depend mostly on the biomass composition, reaction temperature, and residence 

time. However, the current renewable bio-crude is not close enough to the fuel 

oil properties. Issues such as high acidity, high nitrogen content, and high solid 

product yields limit the industrial application of HTL.  

A complete renewable co-solvent and homogeneous catalyst system is 

investigated as a hydrogen donor co-solvent, alkylation, and esterification agent 

to reduce the effect of the renewable bio-crude issues, whereas the reaction 

mechanisms and kinetics models are established and coupled with multiple 

analytical techniques to understand the synergetic effect of the co-liquefaction 

conditions. 

The HTL of the model lipids produced up to 90% renewable bio-crude yield, 

composed mainly of free fatty acids (FFA). While co-liquefaction produced up to 

38% fatty acid ethyl ester (FAEE) known as bio-diesel, with reduced acidity levels. 

The hydrolysis, transesterification, and esterification are modelled in a loop of 

forward and reverse reactions to clarify the degrees of equilibrium at the different 

conditions. Additionally, the activation energies obtained are contrasted with the 

scientific literature. 

The HTL of rich in protein biomass produces nearly a quarter mass yield of a high 

in nitrogen bio-crude and up to 60% nitrogen recovery in the aqueous phase. 

NOx are environmental pollutant gases from the combustion of rich in nitrogen 

feedstock, while nitrogen in water is potentially harmful to the aquatic ecosystem 

and can be complex to treat with biological nutrient removal (BNR). A complete 

elemental nitrogen balance and kinetic model are developed to understand the 

migration and transformations of nitrogen under HTL conditions, and a hydrogen 



vi 
 

donor co-solvent system is tested to enhance renewable bio-crude yields and 

properties. However, the complexity of protein structure and reactions requires a 

more in-depth understanding. 

The HTL of carbohydrates does not produce water-insoluble bio-crude and 

almost 50% of product yield is char. Solids are undesirable products from the HTL 

of biomass, as they reduce bio-crude yield and might increase the complexity of 

the bio-crude recovery due to oil trapping. However, valuable intermediate 

products such as 5-hydroxymethyl furfural and levulinic acid were found as 

substantial products in a detailed reaction mechanism and kinetic model from the 

HTL of glucose, fructose, and cellulose. Additionally, ethanol as a hydrogen donor 

co-solvent promoted the formation of ethyl levulinate and 5-ethoxymethyl furfural, 

structures with potential applications as fuel additives and tunable monomers. 

The interactions between protein and carbohydrate, known as Maillard reactions, 

are investigated as the second most important pathway contributing to the 

renewable bio-crude phase. Previous studies with proteins and carbohydrates 

contribute to the design of experiment and response variables. Where GC-MS of 

aqueous phases plays a crucial role in providing a new understanding of the 

Maillard reaction transformation. Proline, as an isomer from glutamic acid and a 

potential product from the Strecker degradation and Amadori rearrangement of 

levulinic acid, is the primary candidate to produce pyrrolo-pyrazinedione and 

piperazinedione intermediates before further degradation into pyrazines and 

other final products. 
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1.1 Background 

The growing demand for sustainable energy sources, coupled with the depletion 

of fossil fuels, has turned the world’s attention to multiple renewable energy 

solutions. Biomass, as a renewable resource, has been used for heating and 

firing since the early beginning of human history. However, the lower energy 

density and high humidity, among other issues, made biomass an unfeasible 

solution for current technologies and demands. Hydrothermal liquefaction (HTL) 

is a thermochemical conversion method that can convert non-edible, non-

conventional biomass sources into high energy-density renewable bio-crude and 

other valuable products (Biller & Ross, 2016; Gollakota, Kishore, & Gu, 2018; A. 

Kruse, Funke, & Titirici, 2013).  

Hydrothermal conversion takes advantage of the exceptional water properties 

near the critical point. At subcritical conditions water ions break the structure of 

biomass, hydrolysing and releasing free fatty acids and glycerol from lipids, as 

well as basic amino acids from proteins, and monosaccharides from 

carbohydrates, among many other smaller and simpler water-soluble organic 

structures (Hayes, 2013; A. Kruse et al., 2013; Teri, Luo, & Savage, 2014). Then, 

as a reaction medium, water allows intermediates to interact and re-condense 

into different products and phases (Biller & Ross, 2016; Fan, Hornung, Dahmen, 

& Kruse, 2018; A. Kruse & Dinjus, 2007; Peterson et al., 2008; W. Yang, Li, Li, 

Tong, & Feng, 2015). The composition and distribution of the products heavily 

depend on the composition of the feedstock, the reaction temperature, and the 

residence time (Biller & Ross, 2011, 2016; Hayes, 2013; Toor, Rosendahl, & 

Rudolf, 2011). 

The body of knowledge on the HTL of biomass requires a better understanding 

of the renewable bio-crude yield, properties, and composition (Biller & Ross, 

2011, 2016; Hayes, 2013). The complexity and variability in biomass composition 

make the reported data and models restricted to specific real biomass sources 

and some modelling compounds (Hayes, 2013; Obeid, Lewis, Smith, & van Eyk, 

2019; Teri et al., 2014). Furthermore, issues such as bio-crude acidity, 
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heteroatom content (nitrogen and sulphur) and undesirable solid yields limit the 

viability and industrial application of HTL as a promising technology to produce 

fuels and chemical commodities from biomass and bio-waste (Biller & Ross, 

2011; Leng et al., 2020; Y. Zhang & Chen, 2018). 

Heterogeneous catalysts have been tested to enhance the renewable bio-crude 

(Duan & Savage, 2011; Galadima & Muraza, 2018). However, the rapid decline 

in catalyst' surface area, due to phosphorus, sulphur, and nitrogen poisoning, 

limited the activity of the catalysts. Some homogeneous catalysts have been used 

as co-solvent and hydrogen donors have presented a substantial and consistent 

effect on product yields, properties, and composition (Isa, Abdullah, & Ali, 2018; 

Ross et al., 2010; Yin & Tan, 2012). However, the impact of the co-solvents and 

homogeneous catalysts has not been completely understood, and the reaction 

mechanisms and kinetic models up-to-date are limited to bulk product phases, 

ignoring the related chemical reactions and equilibrium degrees. Additionally, 

interactions like the Maillard reactions, require a more in-depth understanding 

(Hietala & Savage, 2021; Luo, Sheehan, Dai, & Savage, 2016; Obeid, Lewis, 

Smith, Hall, & van Eyk, 2020b; Obeid, Smith, Lewis, Hall, & van Eyk, 2022; P. J. 

Valdez, Tocco, & Savage, 2014). 

The primary aim of this work is to characterise the products from the HTL of 

biomass model compounds and develop reaction mechanisms and kinetic 

models which integrate the relevant reactions with the main application 

drawbacks while evaluating the effect of ethanol under acidic conditions as a co-

solvent, homogeneous catalyst, and hydrogen donor, to enhance the renewable 

bio-crude yield and properties. Followed by the understanding of the Maillard 

reaction as the most important interaction between protein and carbohydrate 

intermediates.  

1.2 Scope and Structure of Thesis 

Chapter 2 provides a critical review of the scientific literature on current HTL 

technology and its limitations. The emphasis of the review is on model 
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compounds for lipids, proteins, and carbohydrates as the top three key 

components of non-conventional biomass sources, as well as the reaction 

mechanisms, kinetic models, and analytical methods used to characterise the 

HTL products. The review also highlights the application gaps of the renewable 

bio-crude produced through HTL and the approaches previously defined to solve 

those problems. 

Chapter 3 presents the HTL of sunflower oil as a model compound of lipids with 

and without a co-solvent and homogeneous catalyst system. The 

characterisation and quantification of triglycerides, FFA and FAEE, is 

accomplished with FT-IR and contrasted with TAN. The reaction mechanism and 

kinetic models are developed in a loop of forward and reverse reactions to 

capture the equilibrium degrees at the different conditions. The activation 

energies for the hydrolysis and transesterification of triglycerides are contrasted 

with the scientific literature with a remarkable agreement, the effect of ethanol in 

reducing the acidity levels as one of the key disadvantages of the HTL renewable 

bio-crude are discussed with positive results even at lower ethanol 

concentrations. 

Chapter 4 comprises the HTL of soy protein as a model compound with the 

development of an elemental nitrogen balance to clarify the migrations and 

transformations of nitrogen as a critical organic heteroatom, a potential pollutant 

from post-combustion of rich in nitrogen bio-crude, and as a challenge for 

biological nutrient removal (BNR) of the post-HTL aqueous phase. Then, ethanol 

under low acidic conditions is tested as a hydrogen donor co-solvent to promote 

higher bio-crude yields and enhanced properties, while encouraging the removal 

of nitrogen from the bio-crude. The complexity of protein interactions limited the 

understanding of the co-solvent effect. However, the elemental balance provided 

a new comprehension of the nitrogenous migrations and transformations over the 

liquefaction and co-liquefaction of rich in protein biomass. 

Chapter 5 involves the study of monosaccharides and polysaccharides under 

hydrothermal conditions. GC-MS and HPLC are used to identify and quantify the 
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most significant organics in the aqueous phase, which, once integrated with the 

other product phases into a reaction mechanism model, produce the detailed 

reaction kinetics for monosaccharides. Then, thermogravimetric analysis (TGA) 

and derivative TG are used to semi-quantify the unreacted cellulose within the 

solid products, which is indispensable to complete the polysaccharide reaction 

kinetics and a shrinking core model (based on particle size distribution). Finally, 

the addition of ethanol promoted the formation of 5-ethoxymethyl furfural and 

ethyl levulinate, two potential fuel additives and tunable monomers. 

Chapter 6 incorporates the study of protein and carbohydrate model compound 

mixtures to clarify Maillard reactions, a well-known interaction over the food 

industry but not widely studied in the hydrothermal conversion of biomass. A 

central composite design (CCD) is used to incorporate a third variable and 

elucidate the primary effect of reaction temperature, residence time, and 

protein/carbohydrate mass ratio. The response variables included product yields, 

boiling point distribution and elemental composition of the renewable bio-crude. 

The tentative identification and semi-quantification of the ethanol-soluble bio-

crude and the aqueous phases. Finally, a reaction mechanism suggests that 

levulinic acid as the most prominent carbohydrate intermediate from 

carbohydrate degradation is potentially converted into proline via Strecker 

degradation and Amadori rearrangement, as the principal Maillard intermediate. 

The results are then contrasted with HTL experiments with spirulina under similar 

conditions. 

Chapter 7 presents the independent and systematic conclusions of the presented 

study, as well as recommendations for future work. 

Finally, references are provided for Chapters 1, 2 and 7, while the references for 

Chapters 3 to 6 are provided in their respective publication papers and 

manuscript formats.  
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Chapter 2 

Literature Review 
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2.1 Introduction 

This chapter provides a critical review of the available scientific literature on the 

HTL of key biomass components, the reaction mechanism, and kinetic models 

presented, as well as the current application limitations. The following areas are 

addressed in the review: 

• Hydrothermal conversion of modelling compounds for lipids, proteins, and 

carbohydrates, and considerations for key biomass components. 

• The Maillard reactions (interactions) between protein and carbohydrate 

intermediates under hydrothermal conversion conditions. 

• Analytical techniques used to characterise the renewable bio-crude and 

other product phases, advantages, and limitations.  

• Reaction mechanisms and kinetic models for the product phases and 

chemical groups and how to integrate analytical data into the reaction 

models. 

• Catalysts, co-solvents and additives tested to increase the bio-crude yield 

and the implications for the other product phases. 

Special attention has been given to studies that present detailed reaction 

mechanisms and kinetic models based on biomass key compounds, 

compositional and elemental analysis, and co-liquefaction to enhance the 

renewable crude yield and properties. 

2.2 Hydrothermal processing of biomass 

Hydrothermal conversion comprises heating of aqueous biomass slurries at high 

pressures to generate high-energy-density products with potential applications as 

energy sources and in the chemical industry (Biller & Ross, 2016). Hydrothermal 

processing is classified into three main conversion processes based on 

temperature and product selectivity: hydrothermal carbonisation (HTC) aimed to 

produce solid products in a low temperature range (180 to 250°C) at the 

correspondent water saturation pressure. Hydrothermal liquefaction (HTL) aimed 
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to generate viscous renewable bio-crude products (potential substitute for 

petroleum fuel-oil after upgrading) in the mid-temperature range (250 to 375°C). 

Finally, hydrothermal gasification (HTG) of supercritical water gasification 

(SCWG) aims to produce syngas products at temperatures above 375°C, which 

is the critical temperature for water. As shown in Figure.1 (Biller & Ross, 2016; A. 

Kruse et al., 2013). 

 

Figure 1. Temperature and pressure diagram for the hydrothermal conversion 

of biomass (Kambo & Dutta, 2015). 

The primary advantage of hydrothermal processing over other thermochemical 

conversion methods is the ability to process wet-feed, as the pre-drying process 

could account for up to a quarter of the potential energy of biomass (Biller & Ross, 

2016). Hydrothermal conversion could also process biomass sources with high 

moisture and high ash content, making it ideal for non-conventional wet biomass 

sources such as algae, municipal sewage sludge and bio-wastes (Biller & Ross, 

2016; Kambo & Dutta, 2015; A. Kruse et al., 2013). Hydrothermal conversion 

takes advantage of the exceptional properties of water near the critical point to 

break bio-macromolecules in biomass and, as a reaction medium, allows the 

intermediates to react and re-condense into different products, which are heavily 
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influenced by the feedstock composition and process conditions (Arturi, 

Kucheryavskiy, & Søgaard, 2016; A. Kruse & Dinjus, 2007; Peterson et al., 2008). 

2.3 Biomass feedstock and model compounds 

Biomass is a term to denote all plant and animal materials used for energy. There 

are multiple classifications for biomass feedstocks, but the most commonly used 

is by generation. The first generation includes edible sources such as biodiesel 

via transesterification of lipids and bio-ethanol. The second generation is based 

on non-edible sources, among which energy crops, agricultural and forestry 

residues, and general bio-waste (including municipal waste and sludge) are the 

foremost. The third generation includes algae microorganisms, which have 

gained a lot of attention in recent years (Alalwan, Alminshid, & Aljaafari, 2019; A. 

Kruse et al., 2013). All biomass sources are composed of different portions of the 

same key components, and the principals are lipids, proteins, carbohydrates, and 

ash (lignocellulosic biomass also contains lignin) (Vassilev, Baxter, Andersen, & 

Vassileva, 2010). Each of these chemical structures has particular decomposition 

pathways that must be understood from a fundamental point of view before 

considering interactions in real biomass sources (Arturi et al., 2016; Biller & Ross, 

2016; Hayes, 2013). 

2.3.1 Lipids 

Lipids are the most valued biomass components from an energy perspective, and 

the diesel engine was initially designed to run with vegetal oils. However, high 

viscosity and high surface tension generate poor atomization, incomplete 

combustion, carbonisation, and deposits (Go et al., 2016; Van Gerpen & Knothe, 

2010). Among current methods for reducing the viscosity and surface tension of 

vegetal oils, transesterification is the most common. It generates three mono-

alkyl esters molecules (also known as biodiesel) from one molecule of 

triglycerides through the substitution of the glycerol bond with monohydroxy 

alcohols, illustrated in Figure.2 (da Silva & Sousa, 2013; Van Gerpen & Knothe, 

2010). Biomass sources of the first and second generation have been used to 
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produce biodiesel. However, energy intensive extraction and refining processes 

are required prior to transesterification, increasing the complexity and cost of the 

production process, plus the dilemma of using edible sources (first generation) 

for energy production (da Silva & Sousa, 2013; Go et al., 2016). 

 

Figure 2. Schematic reaction for the transesterification of lipids (Van Gerpen & 

Knothe, 2010). 

Biodiesel can be produced via alkaline, acid, or enzyme catalysed 

transesterification. In all cases, the water must be fully removed, as minor 

residual water could produce free fatty acids (in acidic conditions) or soap (in 

presence of alkali salts) (Go et al., 2016). Supercritical transesterification was 

proposed by Saka in 2001, in which supercritical ethanol self-catalysed the 

reaction (no catalyst required). However, the refining and drying steps that may 

account for almost 70% of the cost of biodiesel production are still necessary (Go 

et al., 2016). in-situ transesterification, which could be dated to 1966 by Dugan, 

involved the direct alcoholysis of lipids in biomass without lipid extraction, 

presenting economic advantages. However, the process is limited to acid-

catalysed esterification conditions, producing a large amount of FFA from 

triglyceride hydrolysis, which requires more reaction mechanism and equilibrium 

research (Biller & Ross, 2011; da Silva & Sousa, 2013; Go et al., 2016; Moquin 

& Temelli, 2008). 
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2.3.1.1 Sunflower oil and oleic acid 

Sunflower oil has been used as a lipid model compound under hydrothermal 

conditions by various prominent authors (Alenezi, Leeke, Santos, & Khan, 2009; 

Biller & Ross, 2011; Teri et al., 2014; Velez, Soto, Hegel, Mabe, & Pereda, 2012). 

Teri et al. (2014) have reported renewable bio-crude yields above 90% at 300°C 

and 350°C, with a major composition of free fatty acids (oleic and palmitic acid) 

and 4-octadecanolide via GC-MS (Teri et al., 2014). Alenezi et al. (2009) have 

reported the hydrolysis of sunflower oil as a series of reactions from triglyceride 

to diglyceride and monoglyceride, releasing a molecule of FFA at each step 

(Alenezi et al., 2009). However, acidity is one of the key drawbacks of the 

renewable bio-crude produced through the HTL of lipids. The HTL hydrolysis 

produces FFA with a total acid number (TAN) as high as 250 mgKOH/g-oil (Van 

Gerpen & Knothe, 2010). Acid bio-crude can cause corrosion problems and 

unstable viscosity. Therefore, a reduction in the acidity levels of bio-crude is 

essential for promoting the hydrothermal process of biomass, a sustainable 

solution for biodiesel and fuel oil (Go et al., 2016). Berrios et al. (2007) study the 

reaction kinetic for the acid esterification of FFA in sunflower oil in acid media 

(Berrios, Siles, Martin, & Martin, 2007). Furthermore, Velez et al. (2012) have 

reported the production of FAEE via supercritical transesterification of sunflower 

oil with high fractions of FFA formed (Velez et al., 2012) and Pinnarat and Savage 

(2010) have reported the non-catalytic esterification of oleic acid with different 

equilibrium degrees depending on temperature and the amount of residual 

humidity (Lascaray, 1949; Pinnarat & Savage, 2010). However, a complete 

reaction mechanism and kinetic model for hydrolysis, transesterification, and 

esterification of lipids under co-liquefaction conditions have not been completed. 

2.3.2 Proteins 

Proteins are the most significant components of non-conventional biomass 

sources, such as algae and bio-waste. Proteins are the source of most organic 

heteroatoms in biomass, primarily nitrogen, as they are composed of 

polypeptides, peptides, and amino acids in complex configurations (Chen, 2017; 
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Y. Zhang & Chen, 2018). HTL of rich in protein biomasses produces 

approximately a quarter mass yield of a tarry and viscous renewable bio-crude 

with an unpleasant smell (Luo et al., 2016; Sheehan & Savage, 2016). The bio-

crude phase contains up to 10% elemental nitrogen, depending on the feedstock 

composition and process conditions. Nitrogen is a well-known post-combustion 

pollutant, as it would produce NOx gases (Leng et al., 2020; Lu, Li, Zhang, & Liu, 

2018; Y. Zhang & Chen, 2018). Fuel-oil has a nitrogen content between 0.1 to 

1.5% by mass, and heteroatoms are complex and expensive to remove via 

hydrogenation, limiting the potential application of HTL renewable bio-crude from 

rich protein biomass (Leng et al., 2020; Van Gerpen & Knothe, 2010). 

Table 1. Summary composition of non-conventional biomass sources, 

conversion conditions, bio-crude yield, nitrogen content and recovery (Leng et 

al., 2020). 

 
Lipid 

[%] 

Protein 

[%] 

Carbo-

hydrate 

[%] 

Biomass 

N content 

[%] 

Temp 

[°C] 

Time 

[min] 

Bio-oil 

yield 

[%] 

Bio-oil N  

content 

[%] 

Bio-oil N  

recovery 

[%] 

Macroalgae 

Average 4.4 14.3 41.8 3.0 315 7 21.9 4.6 33.6 

Max 11.2 33.5 91.4 7.0 350 10 41.0 7.1 41.6 

Microalgae 

Average 15.2 45.3 24.3 7.6 307 46 35.7 5.8 27.2 

Max 58.7 74.7 91.1 11.6 340 60 62.7 10.4 56.2 

Manure 

Average 9.2 22.3 51.6 3.5 298 60 25.9 4.2 31.1 

Max 22.0 34.7 74.8 6.1 340 120 39.0 5.9 37.7 

Bio-waste (food waste) 

Average 26.4 26.2 40.6 3.6 329 41 33.6 3.1 28.9 

Max 74.8 91.4 86.9 12.6 360 60 76.0 8.7 52.5 

Municipal sewage sludge 

Average 7.2 42.5 35.8 6.4 323 28 30.5 5.5 26.2 

Max 16.4 68.6 54.0 10.4 360 30 52.0 7.5 37.5 

Lignocellulose 

Average 3.9 3.1 52.6 0.6 368 40 17.0 1.3 36.8 

Max 8.2 8.8 91.5 2.8 420 60 45.6 5.3 86.3 
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As shown in Table.1, nitrogen recovery in the renewable bio-crude is on average 

30.6 ± 3.7% with approximately 27.4 ± 6.5% renewable bio-crude yield (average). 

The denitrification of the renewable bio-crude is a crucial issue that must be 

solved by complex and expensive upgrading methods such as hydrogenation 

(Chen, 2017; Leng et al., 2020; Lu et al., 2018; Y. Zhang & Chen, 2018). 

Understanding and reducing nitrogen heteroatoms during hydrothermal 

processing not only reduces the potential cost of a narrow economically viable 

process, but it also makes the HTL of non-conventional biomass sources (such 

as bio-waste) more attractive (Leng et al., 2020; Lu et al., 2018). Besides the high 

nitrogen content of the renewable bio-crude, up to 60% of the nitrogen in the 

biomass is recovered within the aqueous phase as soluble total organic nitrogen 

(TON), ammonia, and nitrogen oxides (including nitrate and nitrite). Organic 

nitrogen and ammonia in water are considered potential pollutants for aquatic 

bodies of water, requiring a further treatment process of the aqueous products 

before integration into wastewater treatment plants (Burton et al., 2013). 

The renewable bio-crude separation process and solvent extraction after HTL 

conversion affect nitrogen recovery according to the solubility and efficiency of 

the extraction process and solvent used (Leng et al., 2020; Lu et al., 2018; 

Martinez-Fernandez & Chen, 2017). Water, as a reaction medium, usually lowers 

the nitrogen content of the renewable bio-crude, because of the hydrolysis of 

nitrogen into ammonia and other inorganic nitrogen species (Martinez-Fernandez 

& Chen, 2017). However, the polarity and solubility of some organic solvents used 

to recover renewable bio-crude could increase the reported bio-crude yields as 

well as the nitrogen content (Lu, Liu, Zhang, & Savage, 2019). The synergetic 

effect of some organic solvents mixed with water in co-liquefaction conditions 

have shown to reduce heterocycles, amides, and other nitrogenous structures 

due to the alkylation and hydrogen donation ability of some co-solvents (Cheng, 

D’cruz, Wang, Leitch, & Xu, 2010; Leng et al., 2020). However, the potential in-

situ HTL nitrogen reduction requires in-depth investigation to promote the 

application of HTL from non-conventional reach in protein biomass.   
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Table 2. Amino acid composition (wt.%) profile of high protein biomass (Becker, 

1994; Sheehan & Savage, 2016) 

Amino 

acid 

Soy 

protein 

[%] 

Spirulina  

maxima 

[%] 

Chlorella  

vulgaris 

[%] 

Chlorella  

pyrenoidosa 

[%] 

Scenedesmus  

obliquus 

[%] 

Dunaliella  

bardawil 

[%] 

Glu 19 13.9 15.1 10.2 11.8 14 

Asp 11.5 9.5 10.2 6.5 9.2 11.4 

Leu 8.1 8.8 10.5 4.4 8 12.1 

Arg 7.6 7.2 7.6 6.2 7.8 8 

Lys 6.2 5.1 7 8.7 6.2 7.7 

Phe 5.2 5.4 6.1 5 5.3 6.4 

Ser 5.2 4.6 6.4 2.4 4.2 5.1 

Pro 5.1 4.3 5.5 4.4 4.3 3.6 

Val 5 7.2 7.7 5.6 6.6 6.4 

Ile 4.8 6.6 3.5 3.7 4 4.6 

Ala 4.3 7.5 10.3 6.5 9.9 8 

Gly 4.2 5.3 6.9 5.3 7.8 6.1 

Thr 3.7 5.1 5.8 3.5 5.6 5.9 

Tyr 3.7 4.3 3.1 3 3.5 4.1 

His 2.6 2 2.2 1.5 2.3 2 

Met 1.4 1.5 1.4 2 1.7 2.5 

Try 1.4 1.5 0 1.5 0.3 0.8 

Cys 1.2 0.4 0 0 0.7 1.3 

 

2.3.2.1 Soy protein isolate and rich protein biomass 

The soybean protein isolate, used as a model compound, is a complex protein 

that may represent several vegetal and algae proteins (as illustrated in the 

compositional Table. 2). Soy protein is rich in glutamic and aspartic acid, the two 

electrically negative side chains, and arginine, a positively charged side chain 

amino acid (Becker, 1994). Luo et al. (2016) have investigated the hydrothermal 

conversion of a soy protein concentrate at 200, 250, 300, and 350°C, with a basic 

reaction network presented in Figure 3 (Luo et al., 2016). Sheehan and Savage 

(2016) have reported the fast hydrothermal liquefaction of soy protein at a 

temperature up to 500°C, with a nitrogen recovery in water of up to 80% with a 
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high fraction of ammonia (Sheehan & Savage, 2016). While Lu et al. (2019) 

studied the effect of different solvents for renewable bio-crude recovery with 

model compounds, including soybean oil and soy protein (Lu et al., 2019). 

However, the migration and transformation of nitrogen within the aqueous phase 

remain fairly unknown (Leng et al., 2020; Lu et al., 2018). The nitrogenous 

transformation under HTL conditions requires more understanding before 

defining ways to reduce the nitrogen content in the renewable bio-crude and the 

treatment of water-soluble nitrogen recovered. 

 

Figure 3. Reaction mechanism for the HTL of a soy protein isolate (Luo et al., 

2016). 

2.3.3 Carbohydrates 

The hydrothermal conversion of carbohydrates and lignocellulosic biomass has 

a long history. Friedrich Bergius is known to be the first to expose hydrothermal 

conversion of cellulose in 1913, and later he received a Nobel Prize (shared with 

Carl Bosch) “in recognition of his contribution to the innovation and development 

of chemical high pressure methods” (Bergius, 1913; Gollakota et al., 2018; 

Kambo & Dutta, 2015). However, as the initial Bergius study suggests, the 

hydrothermal conversion of carbohydrates produces hydrochar (or just char), a 

high in carbon solid product used as a carbon substitute, and low yields of 

hydrogen in the gaseous phase, no bio-crude was described (Bergius, 1913). 

The scientific literature for the hydrothermal conversion of mono-and-poly-

saccharides is vast. Most of it is based on hydrothermal carbonisation with the 

primary goal of producing functional hydrochar products with potential 

applications as catalyst support, absorbent, and energy storage (Baccile, Weber, 

Falco, & Titirici, 2013; Falco, Baccile, & Titirici, 2011; Sevilla & Fuertes, 2009a, 
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2009b; Titirici, Antonietti, & Baccile, 2008; Titirici, White, Falco, & Sevilla, 2012). 

Carbohydrates do not produce water-insoluble renewable bio-crude. However, 

some studies have reported low bio-crude yields via solvent-extraction methods. 

Additionally, the formation of approximately 50% hydrochar yield limits the 

production of water-soluble organics which may be extracted from the aqueous 

phase (Baccile et al., 2009; Baccile et al., 2013; Falco et al., 2011; Sevilla & 

Fuertes, 2009a, 2009b; Titirici et al., 2008; Titirici et al., 2012). 

The hydrothermal conversion of monosaccharides to produce char has no 

potential from an energy perspective, as processes such fermentation might 

produce alcohol (more attractive than hydrochar) out of simple sugars (Hayes, 

2013; Rasmussen, Sorensen, & Meyer, 2014; Titirici et al., 2008; van Zandvoort 

et al., 2013). However, the decomposition of glucose, fructose, and others has 

been studied to understand the reaction mechanism and potential applications 

for functional carbonaceous material. The conversion of cellulosic biomass has 

been appealing due to the high resistance of the crystalline structure, which 

seems to be broken by subcritical water, releasing oligo and monosaccharides, 

among other organic compounds with many potential applications (Baccile et al., 

2009; Rasmussen et al., 2014). 

2.3.3.1 Cellulose 

Considered the most abundant natural polymer on earth, cellulose has the 

potential of being a carbon neutral source for energy production (Alalwan et al., 

2019; Biller & Ross, 2016; Khan et al., 2019; A. Kruse et al., 2013; Toor et al., 

2011). Cellulose is composed of a long and relatively homogeneous (crystalline) 

chain of D-glucose monomers, via β(1-4) glycosidic bonds (Burnham, Zhou, & 

Broadbelt, 2015; Hayes, 2013; A. Kruse et al., 2013). Some studies have 

proposed hydrothermal conversion as a pre-treatment to release 

monosaccharides from cellulose and hemicellulose before fermentation to 

produce ethanol (Rasmussen et al., 2014). Among the large scientific literature 

investigating the decomposition (hydrolysis) of cellulose microcrystalline 

structures, Peterson et al. (2008), have synthesised the kinetics with a first-order 
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reaction model in a broad temperature range (210 to 370°C), computing an 

activation energy of 215kJ/mol (Peterson et al., 2008). However, morphological 

differences in hydrochar (solid products) from the HTL of glucose and cellulose 

have suggested that a secondary reaction occurs under hydrothermal conditions 

(Falco et al., 2011; Sevilla & Fuertes, 2009a, 2009b; Titirici et al., 2012). The 

reaction has been linked to the dry thermochemical decomposition of cellulose or 

pyrolysis (also known as primary char) due to the effect of temperature (Chacón-

Parra & van Eyk, 2022; Dinjus, Kruse, & Tröger, 2011; Falco et al., 2011; M. S. 

Jatzwauck, 2015; Andrea Kruse, Krupka, Schwarzkopf, Gamard, & Henningsen, 

2005). Some studies have also suggested hydrolysis as a shrinking core reaction 

model (Galgano & Blasi, 2003; Jayathilake, Rudra, & Rosendahl, 2020; Sasaki, 

Adschiri, & Arai, 2004). However, hydrochar formation has not been included in 

those core models. 

Reza et al. (2013) have proposed a reaction kinetic model for the hydrothermal 

carbonisation of loblolly pine by considering the cellulose, hemicellulose and 

lignin composition in a series of first-order reactions (Reza et al., 2013). This has 

been recognised as one of the prominent kinetic studies considering the complex 

composition of a lignocellulosic biomass and served as a base for more studies. 

Álvarez-Murillo et al. (2016) have studied the hydrothermal conversion of 

microcrystalline cellulose in a pseudo-first-order reaction mechanism and kinetic 

model, including heat transport phenomena. However, the very different 

approach adopted difficult the comparison with Arrhenius kinetic modelling 

(Álvarez-Murillo, Sabio, Ledesma, Román, & González-García, 2016). Jatzwauck 

and Schumpe (2015) presented a reaction kinetic model for the hydrothermal 

carbonisation of soft rush, considering the cellulose composition and the 

hydrolysis into glucose as a step for hydrochar formation. The cellulose model 

was fully developed in the dissertation “Kinetik der Hydrothermalen 

Karbonisierung von Modellsubstanzen und Biomassen” by Jatzwauck. However, 

the dry pathway for char formation is not incorporated (M. Jatzwauck & Schumpe, 

2015; M. S. Jatzwauck, 2015).  
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Karayildirim et al. (2008) investigated the mechanism and kinetics involving the 

formation of solid hydrochar directly from cellulose as a side reaction under 

hydrothermal conversion of cellulose (Karayıldırım, Sınağ, & Kruse, 2008). Dinjus 

et al. (2011) reference it as just char, and later on it was recalled as primary char 

(Dinjus et al., 2011). Lucian et al. (2019) and Paksung et al. (2020) studied the 

reaction kinetics for the direct transformation of cellulose and called pyrochar 

(Lucian, Volpe, & Fiori, 2019; Paksung, Pfersich, Arauzo, Jung, & Kruse, 2020). 

Finally, Chacón-Parra and van Eyk (2022) investigated the hydrothermal 

carbonisation of glucose and cellulose, and presented a reaction kinetic model in 

good agreement with a compilation of activation energy values from the scientific 

literature (Chacón-Parra & van Eyk, 2022). 

 

Figure 4. Reaction mechanism for the hydrothermal conversion of cellulose 

(Chacón-Parra & van Eyk, 2022). 

2.3.3.2 Glucose and fructose 

Glucose is widely recognised as the major product of the hydrolysis of cellulose. 

For this reason, it has been used as the model (monomer) compound for 

hydrothermal processing (Bobleter & Pape, 1968; Chacón-Parra & van Eyk, 

2022; Chuntanapum & Matsumura, 2010; He, Yu, Wang, Suo, & Liu, 2021; 
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Knežević, van Swaaij, & Kersten, 2009; Minowa, Inoue, Hanaoka, & Matsumura, 

2004; Patil, Heltzel, & Lund, 2012; Promdej & Matsumura, 2011; Qi et al., 2014; 

Rasmussen et al., 2014). The hydrothermal conversion of mono and 

polysaccharides produces some water-soluble intermediate such as 5-

hydroxymethyl furfural (5-HMF) and levulinic acid (LA) among other 

monosaccharide degraded products, which re-condense into the solid phase via 

aldol condensation (Chuntanapum & Matsumura, 2010; Matsumura, Yanachi, & 

Yoshida, 2006; Paksung et al., 2020; Promdej & Matsumura, 2011; Sasaki et al., 

2004). No water insoluble bio-crude has been produced over the hydrothermal 

conversion of carbohydrates. However, solvent extraction of products from the 

HTL of glucose with DCM (dichloromethane) has reported renewable bio-crude 

yields of up to 5% and organic composition via GC-MS (Obeid et al., 2019; Obeid, 

Lewis, Smith, Hall, & van Eyk, 2020a; Teri et al., 2014). 

The first reaction kinetic study for the hydrothermal conversion of carbohydrates 

can be traced to Bobleter and Pape (1968), in which an activation energy of 120.9 

kJ/mol was presented for the decomposition of glucose (Bobleter & Pape, 1968). 

Matsumura et al. (2006) presented a similar value with a much larger temperature 

range up to 400°C (hydrothermal gasification) (Matsumura et al., 2006). Knežević 

et al. (2009) and Chuntanapum and Matsumura (2010) reported 114 and 

127kJ/mol respectively (Chuntanapum & Matsumura, 2010; Knežević et al., 

2009). Additionally, Chuntanapum and Matsumura (2019) reported a reaction 

order of 1.21 and 4.29 for the formation of solid particles from TOC and 5-HMF, 

respectively (Chuntanapum & Matsumura, 2009). And Jatzwauck (2015) reported 

a fixed reaction order of 2.25 for hydrochar formation from glucose intermediates 

over the HTC of cellulose (M. Jatzwauck & Schumpe, 2015; M. S. Jatzwauck, 

2015). Some studies have investigated the properties of humins, the solid 

products formed from monosaccharides. Patil et al. (2012) compared humins 

formed from glucose, fructose, and 5-HMF, van Zandvoort et al. (2013) studied 

the influence of processing conditions on formation, morphology, and structure of 

humins, while Tsilomelekis et al. (2016) reported some morphological and 
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structural properties of humins formed from 5-HMF (Patil et al., 2012; Patil & 

Lund, 2011; Tsilomelekis et al., 2016; van Zandvoort et al., 2013). 

 

Figure 5. Reaction pathways for the hydrothermal conversion of glucose 

(Chuntanapum & Matsumura, 2010; Promdej & Matsumura, 2011). 

As illustrated in Figure.5, fructose the initial product of the glucose isomerisation 

reaction, which produces a pyranose structure presented in 5-HMF and furfural, 

before the dehydration reaction (Antal, Mok, & Richards, 1990; Jung, 

Zimmermann, & Kruse, 2018; Körner, Jung, & Kruse, 2018; Luijkx, van Rantwijk, 

& van Bekkum, 1993; Poerschmann, Weiner, Koehler, & Kopinke, 2017). Jung et 

al. (2018) reported a growth reaction mechanism and kinetic model for the HTC 

of fructose by testing four salt additives as a factor to control the particle size 

(Jung et al., 2018). Finally, 5-HMF and some of its derivates have potential 

applications as an alternative, sustainable valuable chemicals to the chemical 

industry to produce medicines, polymers, and fuels with a theoretical calorific 

value of 22.06 kJ/kg (M. Zhang et al., 2012; Zhu et al., 2020). Despite the long 

and exhaustive literature on the hydrothermal conversion of cellulose and 

glucose as the most common carbohydrates, the reaction mechanisms, and 

kinetic models, including the effect of the multiple-product phase with aqueous 

characterisation and quantification, require more systemic understanding. 
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2.3.4 Maillard reactions 

Under hydrothermal conversion conditions, intermediates from the degradation 

of carbohydrates and proteins interact, forming products known as Maillard 

reactions. These reactions pathway could contribute with 5 to 25% higher 

renewable bio-crude yield than lipid content (Biller, Riley, & Ross, 2011; Biller & 

Ross, 2011). For this reason, Maillard interactions could be considered the 

second most important pathway contributing to the renewable bio-crude yield 

phase. However, these reactions have received less attention than other 

mechanisms and variables during the hydrothermal conversion. Kruse et al. 

(2005), have disclosed that the Maillard reactions involve the formation of free 

radicals, which have a scavenging effect on free radical chain reactions involved 

in gas formation (Andrea Kruse et al., 2005). Therefore, Maillard interactions 

reduce the gaseous phase formation while increasing the renewable bio-crude. 

Maillard reactions have been extensively studied in the food industry. In 1912, 

undesirable discolouration and loss of nutritional value has seized the attention 

of Louis-Camille Maillard, who has studied the reactions that take his name 

(Amaya-Farfan & Rodriguez-Amaya, 2021). For a long time, scientists believed 

these reactions were restricted to foods when heated or stored for long time. 

However, in the 1960s, it was revealed that these reactions also occurred in 

diluted aqueous systems, such as hydrothermal conversion conditions (Amaya-

Farfan & Rodriguez-Amaya, 2021; Ashoor & Zent, 1984). 

Maillard interactions comprise a highly complex arrangement of sequential, 

parallel, and interaction reactions, occurring simultaneously, producing multiple 

chemical structures of volatile low-mass and non-volatile high-mass compounds 

(Amaya-Farfan & Rodriguez-Amaya, 2021). The Hodge scheme define the 

Maillard reactions in three main stages: (1) sugar-amine condensation and the 

Amadori rearrangement (AR), (2) Sugar dehydration, sugar fragmentation, and 

Strecker degradation (SD), and (3) aldol condensation, aldehyde-amine 

polymerization, and formation of heterocyclic nitrogen compounds. The 

progression of these stages also follows the increase in colour intensity from 
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colourless to pale yellow and finally brown (Amaya-Farfan & Rodriguez-Amaya, 

2021). 

Peterson et al. (2010) have studied the mechanism and kinetics of the Maillard 

reactions under hydrothermal conversion conditions, using glucose and glycine 

mixtures, and have found that glucose presence resulted in severe destruction of 

glycine (Peterson, Lachance, & Tester, 2010). Different concentrations of glycine 

affected glucose conversion differently (Peterson et al., 2010). Madsen et al. 

(2016) and Qiu et al. (2019) have studied the Maillard reaction by analysing the 

products of HTL from model compound mixtures with gas chromatography-mass 

spectroscopy (René B. Madsen et al., 2016; Qiu et al., 2019). The Maillard 

reaction mechanisms for amino acids and sugars are summarised in Figure. 6. 

Therefore, the study of Maillard reactions is crucial to understand the reaction 

mechanism that takes place under the HTL of biomass and the implication on 

nitrogen migrations and transformation and the composition of renewable bio-

crude (Lu et al., 2018). 

 

Figure 6. Schematic mechanisms involved in the Maillard reaction (René B. 

Madsen et al., 2016). 
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2.3.5 Ash and other components. 

One of the key advantages of the hydrothermal conversion is its flexibility. High 

humidity and high ash biomass sources such as bio-waste and seawater algae 

are attractive non-conventional biomass sources to be transformed into energy 

dense products. However, the high ash content of some biomass sources has 

been shown to decrease the renewable bio-crude formation rates and negatively 

affect the heating value and low boiling point fractions of the bio-crude (Chen et 

al., 2017). Calcium carbonate is recognised as the major component of the 

inorganic fraction in biomass (ash). For the present thesis, Ash is considered inert 

and other minor components negligible (Chen et al., 2017; Liu et al., 2020; 

Vassilev et al., 2010). 

2.4 Analytical methods 

To fully understand the effect of the hydrothermal conversion conditions, multiple 

analytical techniques have been used to characterise, separate, and quantified 

HTL feedstock and product phases. Each method has pros and cons. In the 

present review of the scientific literature, some of the most used analytical 

methods are discussed and some key features are highlighted. 

2.4.1 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) is a bulk analysis commonly conducted with 

the renewable bio-crude and solid phases to estimate the potential fractions 

based on boiling point temperature distribution (Obeid et al., 2019; Riazi, 2005; 

D. R. Vardon et al., 2011). The boiling point fractions are simulated by the 

proportional weight loss of the sample analysed at a constant heating rate under 

a nitrogen atmosphere within defined temperature ranges. The ranges are then 

contrasted with the distillation fractions of petroleum (Obeid et al., 2019; Teri et 

al., 2014). Some prominent authors have discussed the boiling point fraction of 

the renewable bio-crude and the implications of biomass feedstock composition 

as well as the hydrothermal conversion conditions (Biller & Ross, 2011; Chen et 
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al., 2017; Obeid et al., 2019; Ross, Anastasakis, Kubacki, & Jones, 2009; D. R. 

Vardon et al., 2011). The desirable ranges are gasoline and diesel, because of 

their potential application as fuel-oil substitute. However, because the analysis 

does not perform separation or characterisation, the comparison is limited to the 

similarity in boiling temperature.  

This method has been criticised due to the lack of consideration of the chemical, 

structural, and elemental composition of the sample. It is known that, over the 

course of the TGA, the breaking of some structures should predict incorrect 

reading of the boiling point fraction due to thermal decomposition or pyrolysis 

(Ross et al., 2009). For this reason, thermogravimetric analysis should be 

considered as a comparative change in volatile and non-volatile fractions. Other 

methods, such as simulated distillation using gas-chromatography (GC), which 

could separate and potentially identify the organic compounds by using various 

detector types (Ross et al., 2009). Furthermore, thermogravimetric analysis 

coupled with mass spectrometry (TG-MS) might identify the mass-to-ratio (m/z) 

of the volatilise matter (Ross et al., 2009). However, GC and TG-MS are limited 

to the maximum temperature of the column system for the GC and the transfer 

line and detector for the TG-MS (Aeppli, Berg, Hofstetter, Kipfer, & 

Schwarzenbach, 2008; Coleman, 1996; R. B. Madsen et al., 2016; Torri, Garcia 

Alba, Samorì, Fabbri, & Brilman, 2012). 

2.4.2 FT-IR and NMR 

Fourier transform infrared spectroscopy (FT-IR) is another commonly used and 

unexpansive bulk analysis method which aims to identify the fundamental 

vibrations and rotational–vibrational characteristic of the functionality of some 

chemical structures in a sample (Mackie, Jahnke, Benyamin, & Sumner, 2016; 

Socrates, 2004). Attenuated total reflection (ATR) has revolutionised IR analysis 

as it is a non-destructive test, requires no sample preparation and can provide a 

wide spectrum (4000-400cm-1) with a sample depth of 2.5 to 25µm, ideal for 

liquids in close contact with the ATR crystal, as illustrated in Figure. 7 (Socrates, 

2004). However, this method should not be used in isolation. The information 
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obtained with FT-IR is limited to the qualitative presence and quantitative 

abundance of particular functional groups and organic bonds in a bulk sample 

without separation prior to analysis (Cheng et al., 2010; Luo et al., 2016; Poiana 

et al., 2015; Socrates, 2004). 

 

Figure 7. Cellulose (regenerated membrane) FT-IR spectra and absorption 

band regions for various types of organic bonds (Mohamed, Jaafar, Ismail, 

Othman, & Rahman, 2017). 

For solids, irregular dispersions (space between the sample and the ATR) may 

be observed due to poorly adjusted attenuated total reflectance samplers 

(Socrates, 2004). as a result, deviations are more likely than with liquids. For this 

reason, nuclear magnetic resonances of hydrogen-1 and carbon-13 (1H-NMR 

and 13C-NMR) have been used to determine the functionalities of complex solid 

products from HTL of biomass (Baccile et al., 2009; Falco et al., 2011; Luo et al., 

2016). Indeed, this method has been used to identify key differences between 

mono-and-polysaccharides char (solid) products, suggesting that two different 

reaction mechanisms occur during the conversion of cellulose (Baccile et al., 

2009; Chacón-Parra & van Eyk, 2022; Falco et al., 2011; Sevilla & Fuertes, 

2009a, 2009b). 
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2.4.3 Elemental analysis 

Elemental analysis CHN/CHNS is commonly used to characterise the elemental 

composition of dry solids and renewable bio-crude products. The elemental 

composition is crucial for determining the compositional change over the 

hydrothermal process and the effect of the conversion conditions (Kambo & 

Dutta, 2015; A. Kruse et al., 2013). It also serves to estimate the potential calorific 

value (high heating value or HHV) via Dulong approximation and the changes in 

elements like nitrogen, sulphur, and oxygen (illustrated in table 1). The 

deoxygenation via decarboxylation is a desirable pathway from the hydrothermal 

conversion. However, dehydrogenation via hydrolysis, re-condensation, and 

polymerisation reduces the potential energy density of the products (Biller & 

Ross, 2016; Hayes, 2013; A. Kruse et al., 2013). The elemental composition is 

the preferred method for estimating the biomass transformations based on the 

O/C and H/C ratios, which are easily comparable in a van Krevelen diagram as 

shown in Figure. 8 (Kim, Kramer, & Hatcher, 2003). However, the elemental 

composition should be interpreted in conjunction with other analytical methods, 

such as tentative identification by GC-MS, proximate analysis, or volatile fractions 

of the boiling point distribution through TGA (Luo et al., 2016; Madsen & Glasius, 

2019; Teri et al., 2014; Wu, Rodgers, & Marshall, 2004). 

 

𝐶𝐻𝑂𝐼𝑛𝑑𝑒𝑥 =
2𝑥[𝑂]−[𝐻]

[𝐶]
  Equation 1.   

 

𝐻𝐻𝑉[𝑀𝐽/𝑘𝑔]  ═ 33.86 × [𝐶]  +  144.4 × (
[𝐻]‐[𝑂]

8
) +  9.428 × [𝑆]  Equation 2.  
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Figure 8. van Krevelen diagram with regions for various biological structures 

(O/C vs. H/C elemental ratios and the CHO index) (Kim et al., 2003; Mann et 

al., 2015). 

2.4.4 Aqueous tests and wastewater 

Some colorimetric tests for organics in water and wastewater have been 

incorporated into the HTL of biomass to elucidate the amount of total carbon and 

nitrogen recovered within the aqueous phase (Luo et al., 2016; Martinez-

Fernandez & Chen, 2017). However, as the desirable product of HTL is the 

renewable bio-crude, the scientific literature on aqueous phase is limited to some 

sequential recovery of nutrients and carbon balance influential studies (Leng et 

al., 2020; Luo et al., 2016; Martinez-Fernandez & Chen, 2017). The study of 

aqueous transformation and migration of key elements and functionalities is 

essential to achieve a better understanding of the HTL reactions, as water is the 

major component (solvent), reaction medium, and catalyst (Biller & Ross, 2016; 

A. Kruse & Dinjus, 2007; Peterson et al., 2008). The natural cycle of nitrogen 

(shown in Figure. 9) is crucial to understand the migration and transformations of 

nitrogen during hydrothermal conversion. It has been reported up to 60% nitrogen 

recovery within the aqueous phase as organic nitrogen and ammonia, from total 
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nitrogen in water and total ammonia tests. However, the migrations and 

transformations of the denitrification reaction, desirable to produce a fuel-oil-like 

bio-crude, are not completely understood (Leng et al., 2020; Lu et al., 2018; 

Martinez-Fernandez & Chen, 2017; Soler-Jofra, Perez, & van Loosdrecht, 2020; 

Y. Zhang & Chen, 2018). 

 

Figure 9. The primary transformation in the nitrogen cycle (Leng et al., 2020; 

Soler-Jofra et al., 2020; Yakubu, Gto, & Daniel, 2019). 

2.4.5 Separation, identification, and quantification 

Among the preferred methods to characterise the chemical composition of the 

renewable bio-crude, gas chromatography-mass spectrometry (GC-MS) is one 

of the most sophisticated and frequently used. However, the volatilisation 

temperature limit of the GC system and the molecular weight fraction of the MS, 

limit the spectrum of the HTL products (Luo et al., 2016; Obeid et al., 2019; Teri 

et al., 2014; Derek R. Vardon et al., 2011). Additionally, solvent extraction, 

derivatization, and differences in chromatography methods make it difficult the 

comparison among different studies. Madsen et al. (2016) have defined a 

thorough separation and derivatization method to analyse and quantify the 

organic species produced from HTL from various biomass sources (René B. 
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Madsen et al., 2016; Madsen & Glasius, 2019; R. B. Madsen et al., 2016). Teri et 

al. (2014) have disclosed some tentatively identified organic compounds from 

corn-starch, soy protein, and sunflower oil by itself, in binary and ternary mixtures, 

using dichloromethane (DCM) as extraction solvent (Teri et al., 2014). Obeid et 

al. (2019) used a similar method to characterise the main organic components of 

the polymeric and monomeric structures of carbohydrates, proteins and lipids of 

the model compound, presenting complete chromatograms and tentatively 

identifying the organic species in the supplementary material (Obeid et al., 2019; 

Obeid et al., 2020a). However, the complexity in the biomass composition, the 

differences in GC method, and the data curation (probability, match factor and 

reverse match factor) make it extremely difficult to contrast the different 

compounds (Aeppli et al., 2008; Cheng et al., 2010; Madsen & Glasius, 2019; R. 

B. Madsen et al., 2016). 

GC-MS analysis of the aqueous phase has received less attention than 

renewable bio-crude, although water is the principal component, catalyst, and 

reaction medium under hydrothermal conditions (Aeppli et al., 2008; Maddi et al., 

2016; René B. Madsen et al., 2016; Yu, Song, Yu, Han, & Liu, 2014). Additionally, 

the temperature and mass-to-ratio (m/z) ranges might fit better the water-soluble 

organic structures than the tarry viscous structures in solvent-extracted bio-crude 

(Aeppli et al., 2008; Lu et al., 2019). However, the differences in polarity and the 

potential fluctuation in vacuum pressure could affect the reproducibility of the GC-

MS analysis. Nonetheless, the characterisation and quantification of the organics 

in the aqueous phase require further investigation. 

2.5 Reaction Mechanism and Kinetic Models 

Various biomass types have been considered as HTL feedstocks. Some studies 

in the scientific literature have developed reaction mechanism and kinetic models 

for specific biomass feedstocks. However, these models fit only the 

corresponding experiments due to the complexity of biomass composition and 

reaction conditions. Different feedstocks have different compositions of lipids, 

proteins, carbohydrates, lignin, and other components. Biller and Ross (2011), 
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Valdez et al. (2013) and Li et al. (2017) discussed the variations in algal biomass 

composition and linked the different product phase yields to the fractions of the 

main bio-molecules and the conversion conditions (Biller & Ross, 2011; Li et al., 

2017; Peter J. Valdez & Savage, 2013). Yang et al. (2018) have synthesised the 

pathways of individual components in biomass, as well as the probable 

interaction of products, which improves the different phases of the product (J. 

Yang, He, Niu, Corscadden, & Astatkie, 2018). However, the complexity in 

composition and interaction difficult the synthesis of the reaction mechanism and 

prediction models, as illustrated in Figure. 10 (Hietala & Savage, 2021; Obeid et 

al., 2020b; Obeid et al., 2022; J. Yang et al., 2018). 

 

Figure 10. Reaction pathways and interactions for the hydrothermal conversion 

of individual components in biomass (J. Yang et al., 2018). 

2.5.1 Bulk phase kinetic models 

The most common approach to define the reaction kinetics from the hydrothermal 

conversion of biomass is the bulk product phases. Valdez et al. (2013) presented 

a reaction network and kinetic model for the HTL of Nannochloropsis sp (Peter J. 

Valdez & Savage, 2013). Then Valdez et al. (2014) synthesise a model for 

Chlorella protothecoides, Scenedesmus sp. and Nannochloropsis sp, shown in 
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Figure. 11 (P. J. Valdez et al., 2014). In this model, the decomposition of lipids, 

proteins and carbohydrates are modelled as independent components 

contributing to the product phases including the aqueous and bio-crude phases, 

from which the gaseous phase is likely to be formed, as a close loop of first order 

reaction with forward and reverse pathways only for the aqueous and bio-crude 

phases (P. J. Valdez et al., 2014). A similar reaction model (illustrated in Figure 

3) has been used by Luo et al. (2016) to fit experimental data from soy protein to 

bulk product phase yields (Luo et al., 2016). 

  

Figure 11. Reaction mechanism for the HTL of algae biomass based on bio-

chemical composition (Peter J. Valdez & Savage, 2013; P. J. Valdez et al., 

2014). 

Reem et al. (2019) have adopted a comparable approach for bio-macromolecules 

and monomeric model structures of lipids, carbohydrates, proteins, and lignin, 

illustrated in Figure. 12 (Obeid et al., 2019; Obeid et al., 2020a). To produce a 

composite model that combines interactions from mixtures of model compound 

and contrasts the prediction of yield with real biomass feedstocks in a 

temperature range of 250°C to 350°C (Obeid et al., 2020b; Obeid et al., 2022). 

However, these models consider only the product phase yields, not the actual 

composition or the transformations within the phases. For instance, lipids are 

water-insoluble oils (bio-crude phase) before the conversion begins, and the 

transformations within the oily phase are not considered. Similarly, 

monosaccharides and proteins are partially to completely soluble in water 

(solubility increases with the increase in temperature), and polysaccharides are 

completely insoluble. The HTL product phases should be differentiated from the 
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feedstock components. However, the current approach does not make this clear 

distinction. 

 

Figure 12. A bulk reaction mechanism for the HTL of any biomass, based on 

bio-chemical composition (Obeid et al., 2020b; Obeid et al., 2022). 

2.5.2 Chemical based reaction mechanism and kinetic models. 

Some attempts to capture the HTL transformation of biomass components in a 

complete reaction model have been completed. Hietala and Savage (2021) have 

presented a complex reaction mechanism and kinetic models for the 

hydrothermal conversion of micro-algae (Hietala & Savage, 2021). The model 

includes the main hydrothermal reactions (hydrolysis, re-polymerization, cyclo-

dehydration, retro-aldol condensation, Maillard reactions, deamination, and 

decarboxylation) in an arrangement with 16 first-order reactions and 22 lumped-

product components, as shown in Figure. 13 (Hietala & Savage, 2021). The 

model aimed to include the effect of the Maillard reaction, carbon, and ammonia 

recovery, and it fit to the collection of a large empirical database from the 

documented scientific literature. However, this highly complex model is restricted 

to algae biomass and model compounds within the specific composition ranges 

of algae, and it is based on a statistic approach from a compilation of 

experimental data. 
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Figure 13. A complete reaction network for the kinetic model for the HTL of 

micro-algae (Hietala & Savage, 2021). 

Despite the complexity of the model, it considers that the renewable bio-crude is 

only formed by peptides from proteins and the interaction of saccharides and 

amino acids, hydrolysed from carbohydrates and proteins, respectively (Ashoor 

& Zent, 1984; Peterson et al., 2010; C. Zhang, Tang, Sheng, & Yang, 2016). The 

hydrolysis of lipids into free fatty acids is considered independent and ash as 

inners. In summary, the model only reflects the Maillard reactions and does not 

contemplate de composition or elemental distribution of the phases (Biller et al., 

2011; Chen et al., 2017; Hietala & Savage, 2021). Understanding the key 

migrations and transformations of the different key biomass components, before 

elucidating the interaction, could provide a more systematic and fundamental 

view of the hydrothermal conversion processes (Hietala & Savage, 2021; Leng 

et al., 2020; Li et al., 2017). 
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2.6 Catalysts and in-situ additives 

Some studies have included, tested, and screened heterogeneous catalysts and 

in situ additives (homogeneous catalysts) to enhance process efficiency by 

promoting the renewable bio-crude yield while reducing char formation, as 

summarised in Table. 3 (Duan & Savage, 2011; Galadima & Muraza, 2018; 

Kumar, Olajire Oyedun, & Kumar, 2018). Homogeneous catalysts include mostly 

acids and alkaline salts, while heterogeneous catalysts include some active 

surface rare metals, and metallic oxides (Kumar et al., 2018). 

Table 3. Screening of the effect of catalysts on renewable bio-crude yield 

(Galadima & Muraza, 2018). 

Heterogeneous Catalysts 

Biomass Catalyst HTL Conditions Bio-crude yield Ref. 

Nannochloropsis sp. 

No-catalyst 

350°C, 1 h,  

0.384 g of catalyst,  

95% water volume 

35 

(Duan & 

Savage, 

2011) 

Pd/C 57 

Pt/C 49 

Ru/C 50 

Ni/SiO2-Al2O3 50 

CoMo/Al2O3 55 

Zeolite 48 

Homogeneous Catalysts 

Biomass Catalyst HTL Conditions Bio-crude yield Ref. 

Spirulina 

HCOOH 
350°C, 1h  

3 g algae +  

27 ml of catalyst 

14.2 
(Ross 

et al., 

2010) 

CH3COOH 16.6 

KOH 15.2 

Na2CO3 20 

Chlorella  

vulgaris 

HCOOH 
350°C, 1h  

3 g algae +  

27 ml of catalyst 

19.1 
(Ross 

et al., 

2010) 

CH3COOH 20.4 

KOH 22.4 

Na2CO3 27.3 

 

The primary goal of including catalysts and additives has been to increase the 

overall renewable bio-crude yield. However, with homogeneous catalysts, the 

quality of the bio-crude has dropped as the catalysts reduces the level of 
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hydrolysis and decomposition of the biomass components, limiting the 

deoxygenation and the increase in energy density, and with the heterogeneous, 

the active surface of the catalysts and the cost are two significant drawbacks 

(Galadima & Muraza, 2018). 

2.6.1 Heterogeneous catalysts 

Heterogeneous catalysts include new reductive metals such as platinum and 

palladium, and nickel as pure metals and the Raney-Nickel complex, among 

many metallic oxides (MnO, MgO, NiO, ZnO, CeO2, La2O3) and transition metals 

(Biller et al., 2011; Duan & Savage, 2011; Galadima & Muraza, 2018; Kumar et 

al., 2018; Morales et al., 2014). Nickel has shown a positive impact in increasing 

the bio-crude yields at lower temperature, which is desirable for industrial 

application (Saber, Golzary, Hosseinpour, Takahashi, & Yoshikawa, 2016). And 

transition metals have improved the quality of the renewable crude (Duan & 

Savage, 2011). However, the catalyst surface area gets deactivated and 

poisoned by the solid nano particles (hydrochar formation) reducing the 

efficiency, as a solution, carbon nano-tubes (CNT) have been tested as a support 

of the catalyst increasing the surface area and recyclability (Kumar et al., 2018). 

However, heterogeneous catalysts have been primarily used for post-HTL 

upgrading processes (Galadima & Muraza, 2018; Kumar et al., 2018). 

2.6.2 Homogeneous catalysts and hydrogen donors 

Additives such as co-solvents and homogeneous substances have been tested 

in situ (during the HTL) and after conversion as extraction solvents (Cheng et al., 

2010; Isa et al., 2018; Lu et al., 2019; J. Zhang & Zhang, 2014). One of the most 

common approaches to define the effect of co-solvents is pH. Some studies have 

defined the differences in reaction mechanisms based on acidic and alkaline 

initial conditions of the hydrothermal conversion (García-Bordejé, Pires, & Fraile, 

2017; Yin & Tan, 2012). pH has a significant effect on the hydrolysis of lipids and 

the formation of carbohydrate intermediates (dos Santos, Hamerski, Pedersen 
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Voll, & Corazza, 2018; Go et al., 2016; Reyero, Arzamendi, Zabala, & Gandía, 

2015; Yin & Tan, 2012).  

Karagöz et al. (2004) have tested four alkaline solutions as homogeneous 

catalysts at 280°C for 15 minutes, and found that potassium salts are the most 

active (K2CO3 > KOH > Na2CO3 > NaOH) (Karagöz et al., 2005). The advantages 

of homogeneous catalysts include an increase in the renewable bio-crude yield 

and properties, while reducing char formation. However, alkali salts increase the 

pH of the aqueous medium, decreasing the hydrolysis and dehydration rates, 

leading to higher shares of unsaturated structures of medium molecular weight 

(Kumar et al., 2018). Under alkaline conditions, the OH- groups neutralise the 

hydrolysed ions, preventing re-polymerisation and re-condensation into solid 

products (Kumar et al., 2018; Ross et al., 2010; Yin & Tan, 2012). 

Cheng et al. (2010) investigated the synergetic effect of subcritical water and 

supercritical alcohols (methanol and ethanol) on the HTL of pine sawdust at 

300°C (Cheng et al., 2010). While the hydrothermal liquefaction produced a 

renewable bio-crude yield of 40%, the supercritical liquefaction produced 23 and 

26% bio-crude yields with methanol and ethanol, respectively. Co-liquefaction 

with 50/50 ethanol and water mixtures generated bio-crude yields as high as 65% 

by mass, with a 95% conversion (Cheng et al., 2010). Isa et al. (2018) reviewed 

the effect of some common hydrogen donor solvents and their effect on the 

hydrothermal liquefaction of biomass (Isa et al., 2018). Alcohols have the 

potential to produce bio-diesel from lipids from the acid transesterification and 

esterification of lipids and FFA. The alkylation ability of alcohols might reduce the 

heteroatoms in the renewable bio-crude of proteins, while esterification of acids 

and etherification of hydroxy groups in 5-HMF, reducing solid yields and forming 

water-soluble organics with potential application in energy and polymer 

industries. The hydrogen donation mechanisms of ethanol are described in 

Figure. 14. Additionally, ethanol is a completely renewable co-solvent. 
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Figure 14. Reaction mechanisms of ethanol as a hydrogen donor (Huang & 

Yuan, 2015; Isa et al., 2018). 

2.7 Current literature gaps 

There have been important advances in the hydrothermal liquefaction of algae, 

bio-waste, and lignocellulosic biomass sources, as discussed in the scientific 

literature above. The most common research scope has been to determine the 

optimal conditions for reaction temperature and residence time among other 

conversion conditions, as well as ways to increase the renewable bio-crude yield, 

knowing the difference and variability in biomass composition. 

Some biomass sources and model compounds have been used to fit and define 

reaction mechanisms and bulk kinetic models that aimed to predict the renewable 

bio-crude yield. However, the renewable bio-crude quality, based on the 

desirable fuel-oil product characteristics, requires more attention. Problems such 

as oil acidity, which causes corrosion, high viscosity and instability, high nitrogen 

content, which can cause NOx gases from post-combustion, and the undesirable 
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solid (char) products reduce the bio-crude yields and increase the complexity of 

separation processes. 

Further drawbacks of the conducted literature review include the limited 

understanding of the interactions between the different biomass components, 

mostly from the Maillard reactions, which are claimed to be the second most 

important pathway contributing to the renewable bio-crude phase. Additionally, 

the use of highly toxic and flammable solvents for the extraction of the oily phases 

and the discrepancies in the conversion conditions. 

Alcohols such as ethanol and methanol have been tested as supercritical 

solvents and co-solvents to increase the bio-crude yields. However, the reactions 

and products are not completely clarified. The synergetic effect of subcritical 

water and supercritical ethanol requires a better understanding to promote the 

industrial application of HTL and co-liquefaction with a fully renewable and 

sustainable co-solvent. 

2.8 Objectives of thesis 

The aim of the present study is to address the main application drawbacks of the 

up-to-date renewable bio-crude from the HTL of biomass by testing a hydrogen 

donor co-solvent and homogeneous catalyst system, while develop a reaction 

mechanism and kinetic models based on the biomass key components and 

interactions to clarify the effect of co-liquefaction conditions, by completing the 

following specific objectives: 

1. Investigating the effect of ethanol as a homogeneous catalyst on the 

hydrothermal conversion of lipids, the reduction in total acid number (TAN) 

and boiling point fractions, the degrees of equilibrium of a loop reaction 

mechanism and the effect of ethanol/lipid mass ratio. 

2. Elucidating the nitrogen migrations and transformations of a model soy 

protein under HTL conditions via an elemental nitrogen balance, the 

elemental composition and boiling point distribution of the renewable bio-
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crude, the nitrogenous transformation in the aqueous phase and the fate 

of nitrogen in a reaction mechanism and kinetic model. 

3. Understanding the aqueous transformation of carbohydrates via a multi-

component reaction mechanism and kinetic model, the integrations of 

solid transformation in a shrinking core model for the HTL of cellulose and 

the co-liquefaction of saccharides with ethanol to produce 5-ethoxymethyl 

furfural and ethyl levulinate. 

4. Clarifying the Maillard reactions under hydrothermal conditions by 

performing experiments using glucose and soy protein with a central 

composite design of experiments (CCD), the structure of the organic 

species in the aqueous and renewable bio-crude phase, and proline as a 

crucial Maillard intermediate before amino-acid condensation. 
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7.1 Conclusions 

This thesis presents advances in the understanding of the reaction mechanism, 

followed by the biomass key components under hydrothermal liquefaction 

conditions and links some of the major application drawbacks of the current 

renewable bio-crude to the undesirable reactions, while investigating a complete 

renewable co-solvent and homogeneous catalyst system to reduce the impact of 

those undesirable side reaction and produce higher bio-crude yields. Then, 

acknowledging the high complexity of the nitrogenous transformation in both the 

aqueous and bio-crude phases, the Maillard reaction mechanisms are 

investigated with a central composite design of experiments, considering the 

effect of temperature, residence time and carbohydrates/proteins mass ratio. The 

major contribution of the present thesis is the enhancement of the body of 

knowledge in terms of the reaction mechanisms and kinetic modelling of the main 

biomass components in non-conventional biomass, whilst the major application 

drawbacks are addressed in co-liquefaction with an alkylation agent and 

hydrogen donation system.  

7.1.1 The effect of ethanol as a homogeneous catalyst on the reaction 

kinetics of hydrothermal liquefaction of lipids 

This study involved the hydrothermal liquefaction of a lipid model compound to 

clarify and contrast the major transformations within the renewable bio-crude 

phase, besides the bulk phase kinetics. Then ethanol under initial acidic 

conditions is included, as a co-solvent and homogeneous catalyst to promote the 

in-situ transesterification of triglycerides and the esterification of FFA. The HTL 

and co-liquefaction approaches are synthesised in a reaction kinetics loop to 

capture the equilibrium degrees and to define the activation energies. The 

following conclusions were drawn. 

• The hydrolysis and transesterification reactions were identified and 

quantified with ATR (FT-IR) absorbance analysis of the carbonyl bonds 



  Chapter 7 - Conclusions 

164 
 

(acid and esters peaks in the region 1850 to 1550 cm-1) from the renewable 

bio-crude phase and the data was contrasted with TAN normalised values. 

• The reduction in bio-crude boiling point was associated with the hydrolysis 

of FFA, contrasted with the FT-IR carbonyl bond composition and with the 

TAN data. 

• The Arrhenius activation energy and pre-exponential values obtained for 

the hydrolysis of lipids were contrasted with the scientific literature, while 

the activation energies for the alcoholysis were compared with various 

types of trans-esterification. 

• The effect of co-liquefaction conditions promoted the alcoholysis reaction 

over hydrolysis at lower temperatures. However, higher temperatures 

hydrolysis surpassed alcoholysis near equilibrium conditions, reducing the 

amount of FAEE. As a result, ethanol produced the highest impact in 

reducing the TAN at 300°C, despite at 250°C the amount of FAEE was 

close to 40% by mass. 

• The sensitivity analysis for the ethanol to lipid mass ratio suggested that 

higher concentrations of ethanol have a negligible effect on producing 

higher fractions of FAEE, while lower ethanol mass ratio suggested that 

the equilibrium concentration for the alcoholysis is reached first, then 

hydrolysis rules the reaction. 

 

7.1.2 Elemental nitrogen balance, reaction kinetics and the effect of 

ethanol on the hydrothermal liquefaction of soy protein 

In this study, the migration and transformations of nitrogen as the most prominent 

element of rich in protein biomass are investigated. An elemental nitrogen 

balance is completed and the distribution of nitrogen in the different HTL product 

phases is condensed in a reaction mechanism and kinetic models. Followed by 

co-liquefaction conditions to boost the renewable bio-crude yield and promote 

denitrification via alkylation with a hydrogen donor solvent system. The following 

conclusions were made. 
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• The co-liquefaction conditions promoted higher renewable bio-crude 

yields and higher energy recovery in almost all cases. However, the 

elemental O/C fractions were higher, generating lower theoretical HHV 

values. 

• The low boiling point fraction (80 to 300°C) was linked to the 

transformations in the renewable bio-crude phase and the increase in the 

relative elemental carbon content. 

• The migrations and transformations of the nitrogenous species, as well as 

the equilibrium degrees, were captured and presented in the reaction 

mechanism and kinetic models for the conditions tested. 

• HTL produced high fractions of NH3, whereas co-liquefaction conditions 

lowered the ammonia fraction promoting nitrate and organic nitrogen 

fractions, an observation which coupled with the overall elemental 

balance, suggests that the missing nitrogen was in the gaseous phase 

because of the potential denitrification via anammox reaction mechanism. 

• Co-liquefaction conditions promoted higher renewable bio-crude yields 

with lower boiling points, possibly due to the reduction in pH of the 

aqueous phase. However, the deoxygenation was lower because of the 

alkylation agent and the synergetic effect of alcohol and water mixtures 

near the critical point. 

 

7.1.3 A multi-component reaction kinetics model for the hydrothermal 

liquefaction of carbohydrates and co-liquefaction to produce 5-

ethoxymethyl furfural 

This study involved the investigation of aqueous and solid transformations of 

monosaccharides and polysaccharides during HTL. Analysis of these two major 

product phases was included into a multi-component reaction mechanism, kinetic 

and a shrinking-core models for cellulose. Additionally, co-liquefaction conditions 

produced 5-ethoxymethyl furfural and ethyl levulinate, to promising fuel additives 

and tunable monomers. The following conclusions were drawn. 
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• The aqueous product phases from the HTL of glucose, fructose and 

cellulose were identified and quantified with GC-MS and HPLC to 

determine and synthesise the major organic structures into a multi-

component reaction mechanism and kinetic model, providing a new 

unbiased perception of the HTL products from model carbohydrates. 

• The solid products were analysed with derivative TGA (dTG), and the 

characteristic thermal decompositions were used to semi-quantify the 

hydrochar and cellulose feedstock in the solid, indispensable to complete 

the polysaccharide reaction mechanism, including the unreacted cellulose. 

• Particle size distribution, glucose concentration and solid characterisation 

were used to define a shrinking-core reaction model for cellulose based 

on the hydrolysis of cellulose, the diffusion of glucose on the surface of the 

particles and hydrochar formation rate, providing a novel vision of the 

reaction mechanism of cellulose. 

• Co-liquefaction conditions reduced the hydrolysis rate and hydrochar 

formation (from 50% to 32% by mass with cellulose at 250°C), while 

increases the aqueous phase yield which contains some valuable 

intermediates.  

• The co-liquefaction promoted the esterification of levulinic acid and 

etherification of 5-HMF, preventing aldol condensation into the solid phase 

and producing two valuable water-soluble organics with potential 

application in energy and polymer industries. 

 

7.1.4 Elucidating the Maillard reaction mechanism over the 

hydrothermal liquefaction of model compound mixtures and spirulina 

In this study, the interactions between protein and carbohydrate intermediates 

are investigated with a central composite design (CCD) to include the effect of 

mass ratio as an additional variable to reaction temperature and residence time. 

The effects of the Maillard reactions were evaluated in the product yields, 

renewable bio-crude elemental composition, and boiling point, as well as the 
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characterisation of the aqueous phase and ethanol soluble bio-crude with GC-

MS. The following conclusions were made. 

• The primary effect of protein/carbohydrate mass ratio was identified as the 

most significant factor which contributes to the renewable bio-crude and 

hydrochar yields, and second-order polynomial equations based on the 

three factors are presented for the bio-crude and solid product phases. 

• The characterisation and quantification of the organic species in the 

aqueous and ethanol soluble renewable bio-crude phases showed that the 

primary structures produced by the Maillard reactions are pyrrolo-

pyrazinediones and piperazinediones. 

• The carbohydrate mass ratio had a significant effect on reducing the 

volatile matter (80 to 600°C). However, the maximum volatile fraction was 

reached at 40% protein/carbohydrates as a synergetic effect of the 

Maillard reaction on the boiling point distributions. 

• The effect of carbohydrates mass ratio on the elemental composition of 

the renewable bio-crude had a similar pattern to the volatile matter fraction. 

Similarly, the relative hydrogen and nitrogen dropped with the rise in 

carbohydrates due to the increase in oxygen content. 

• The carbohydrates mass ratio also has a significant effect on the TOC of 

the aqueous phase, possibly because of the aldol condensation of 

carbohydrate intermediates into the solid phase. 

• The formation of proline as a potential intermediate before ring closure into 

pyrrolo-pyrazinedione (with up to 20% by mass concentration in the 

aqueous phase) shall be formed from the glutamic acid ring closure in low 

carbohydrates conditions and from the Amadori rearrangement and 

Strecker degradation of levulinic acid with ammonia and amino acids, 

respectively. 
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7.2 Recommendations for future work 

The present thesis enriches the body of knowledge of the chemical and elemental 

conversions of the major components in biomass during hydrothermal 

liquefaction conditions and the Maillard reactions. The main HTL application gaps 

are linked to some undesirable reactions, and co-liquefaction with a hydrogen 

donor co-solvent and alkylation agent is assessed to reduce the effect of these 

drawbacks. Additionally, the main migrations and transformation are condensed 

in a series of reaction mechanisms and kinetic models, which describe the 

experimental results and equilibrium degrees. However, further investigation is 

required to gather a better understanding of the HTL transformations of multiple 

real biomass sources with natural variations from a fundamental point of view. 

• The experiments were limited to a batch micro reactor system, which is 

ideal for fundamental reaction kinetics (isothermal conditions and 

Arrhenius model) with an extremely high heating rate. However, it is 

unrealistic in the real world. Continuous systems at near steady state shall 

be studied as the best candidate for industrial scale. 

• Binary and ternary mixture interactions besides the Maillard reaction must 

be considered. They may have a negligible effect apart from the changes 

in pH, according to some of the literature. However, these must be 

confirmed before considering a biomass component based reaction 

mechanism and kinetic model. 

• Model compounds have been widely used in the literature, making 

contrast possible. However, these model compounds should be compared 

with a larger spectrum of biomass compositions to have a wider picture of 

the hydrothermal transformation of the different biomass types. 

• The decomposition and transformation of protein intermediates require 

more investigation. Out of the three key biomass components, protein 

holds the highest complexity, as it can produce over 800 different organic 

structures from one HTL conversion. 



  Chapter 7 - Conclusions 

169 
 

• The reaction mechanism and kinetic models require more in-depth 

research, as they can be quite complex due to a high number of organic 

structures. However, there should be a balance between the level of detail 

and the complexity limited by the fitting of the reaction model to the 

experimental observations. 

• In the co-liquefaction technology, ethanol is a renewable resource. 

However, the recovery of ethanol has to be included, as ethanol is a bio-

energy source itself, and the energy recovery from the co-liquefaction must 

be considered in regards the ethanol consumption. 
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