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Abstract 

The grim perspective of a near future when out-of-control global warming caused by C02 

emissions will threaten to put human lives in serious danger is pushing the scientific 

community to seek for alternatives to fossil fuels to counteract this negative trend. At the 

moment, fossil fuels are the main source of energy and chemical building blocks for the 

synthesis of plastics. Hydrothermal carbonization is a process that aims to replace fossil fuels 

with renewable biomass as source of energy (biofuels) and materials (platform chemicals 

and hydrothermal carbon). 

The process of hydrothermal carbonization has been known for a little more than a century 

as a way to mimic the natural process of coalification of biomass. It consists in a conversion 

of wet biomass in water, at subcritical temperatures (180-250°C) and autogenous pressure. 

Biomass is made of lignin, a polymer of alkylphenol derivatives, cellulose and hemicellulose 

(polysaccharides). These materials, in hydrothermal conditions, undergoes a series of 

reaction: hydrolysis of large polymer chains, solubilisation of monomers in water, 

dehydration, fragmentation and ring opening reaction, oxidation and formation of organic 

acids and re-polymerization to amorphous carbonaceous materials. 

This process is extremely interesting because some of its products have been recognised as 

strategic for a future emancipation from fossil fuels: furan derivatives like furfural, 5-

hydroxymethylfurfural and levulinic acid can be a source for the synthesis a great variety of 

chemicals, including biofuels. The amorphous carbonaceous materials (hydrothermal 

carbon) has been successfully employed as a starting material for the development of 

electrode in batteries, supercapacitors and fuel cells, or gas capture. 

However, a thorough understanding of the underlying mechanisms of hydrothermal 

carbonization still needs to be achieved. The aim of this research project is to evaluate the 

effect of the chosen parameters on the sugar conversion, the change of the product yields 

and the morphological and chemical properties of HT carbon; to highlight the correlation 

between chemicals in the liquid phase and HT carbon; to get a deeper understanding on the 

chemical structure of HT carbon. 
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The attention was focused on three monosaccharides: fructose, glucose and xylose. 

Hydrothermal conversion of fructose was tested by varying the reaction time (2-12h), acid 

catalysis (H2SO4, HNO3, HCl, HBr, HI) and headspace feed gas (air, N2, CO2). The soluble and 

insoluble products were collected and the results discussed. Fructose proved to be a very 

reactive substrate for hydrothermal conversion also in plain water and absence of catalyst, 

leading to a maximum HMF yield of HMF of 52% after 3 h. Strong acids strongly accelerate 

fructose conversion to carboxylic acids but they have a less pronounced effect on HT carbon 

formation. A pressurized system has also a positive effect in terms of conversion. 

Morphological and chemical analysis of HT carbon produced showed that the alkylfuran 

skeleton evolves through time to a more condensed and cross-linked structure. The presence 

of a family of oligomers formed by units with a mass of 211 Da suggests that HT formation 

proceeds via progressive polymerization of a well-defined monomer. 

Hydrothermal conversion of glucose was performed in conditions of increasing reaction time 

(2-12h) and different acid catalysis (H2SO4, HNO3, HCl, HBr, HI). In this case, glucose proved 

to be a less sensitive substrate to dehydration than fructose. Acid catalysis greatly increase 

its conversion and it is possible to distinguish the different contribution of the anions in the 

ability to catalyse the reaction. Morphological and chemical analysis of HT carbon produced 

showed similar results to those obtained from fructose but also suggest that HMF 

concentration throughout time plays a key role in the growth rate of carbon particles.  

Oligomers species were also detected in this case. 

Finally, the effect of reaction time (2-12h) was evaluated for the hydrothermal conversion of 

xylose. The structural difference between xylose and the previously studied fructose and 

glucose has a profound impact on its reactivity in hydrothermal conditions. Although the 

time scale of its conversion to FF is roughly comparable to glucose conversion to HMF, FF is 

notably more stable than its hexose-derived furan analogous. Its relative stability depends 

on the fact that there is no reaction occurring on FF that is similar to the HMF ring opening. 

Lower HT carbon yields also suggest that carbon formation is less efficient with FF 

molecules. The slight difference of the FF molecule has repercussions on the structure of 

carbon spheres as well as their chemical structure. HT carbon particles have a reduced 
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tendency to aggregate as reaction time proceeds. Chemical characterization showed 

similarities with C6 HT carbon but also a distinctive more aromatic character that once again 

can be ascribed once the different chemistry of FF. In this case, a few species in the mass 

range between 800 Da and 1500 Da were found, whose masses increase with time, with little 

evidence of oligomeric nature. 

The kinetic modelling of the data of concentration versus reaction time allowed to find the 

reaction rate constants associated with glucose, fructose and xylose degradation to their 

dehydration products (HMF and furfural respectively) as well as the constants related to 

levulinic acid and hydrothermal carbon formation. These constants are in good agreement 

with previous studies and proves that glucose dehydration is the slowest (k=1.8 ∙10-5 s-1), 

followed by xylose (k=3.9 ∙10-5 s-1) and fructose (k=7.6 ∙10-5 s-1).  
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Chapter 1 Introduction 

 

The illusion of an economic system based on unrenewable resources and aiming for 

indefinite growth is starting to take its toll on earth. For the first time, mankind is confronting 

with the fact that the consequences of its actions might not only heavily impact the 

environment, they can also pose a threat to its own existence. Climate change is the major 

threat of our time. Caused the greenhouse effect, triggered by massive release in the 

atmosphere of CO2 that had been sequestered by photosynthetic organisms in ancient times 

and stored underground for millions of years, climate change has now reached a point in 

which it is expected to cause irreversible damage unless a drastic reduction of greenhouse 

gas emission is accomplished.[1] The most feared effects are desertification of dry lands[2] 

and out-of-control acceleration in the rise of the sea level, due to polar ice sheets melting.[3] 

The Paris climate agreement in 2015 has set, among the international community, the goal 

of keeping the increase in the global mean temperature below 2 °C, in order to avoid the most 

serious consequences. In the long term, the ambition is to reach net-zero by the middle of 

the 21st century. 

In order to fulfil these ambitious requirements, we need to resolutely and definitively steer 

away from exploitation of fossil resources. It is estimated that more than 90% of the raw 

material extracted from fossil deposits is intended for energetic purposes.[4] Therefore, our 

entire economic and productive system must be re-thought and converted in the key of 

sustainability. This implies a series of challenges: firstly, diversification of energy sources 

and sustainable exploitation of local renewable sources of energy, such as solar, wind, tidal 

or geothermal power. 

The intrinsic discontinuity of these energy sources represents the second challenge in this 

radical transformation: in order to overcome this limitation and secure a constant supply of 

energy, we must develop very efficient ways to capture it and an increased capacity to store 

it using sustainable materials. Unfortunately, many technologies to exploit renewable 

sources of energy can hardly be defined as renewable or sustainable, as they make use of 
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materials or metals whose scarcity[5] and extremely localized availability[6] seriously 

hinders the global spread of these systems. Furthermore, the aforementioned discontinuity 

of renewable energies forces us to rely heavily on batteries to store electric power. Lithium 

batteries are the widest spread batteries nowadays, consisting of two electrodes, typically 

lithium cobalt oxide (LiCoO2) cathode and graphite (C6) anode.[7] In this case, both of its two 

main components, lithium and graphite cause concern not only about their limited overall 

availability,[8], [9] but also because the exploitation of these resources comes at the cost of 

impoverishment of people, health issues and pollution of the nearby environment.[10] Such 

a grim scenario can hardly been juxtaposed to words like “green” or “sustainable”. A truly 

sustainable technology for large scale energy storage solutions should involve cheap, 

environmentally friendly and widely available materials such as molten salts or bio-derived 

carbon materials. 

Among all renewable sources of energy, solar energy is a special case. In fact, the whole life 

on earth is based on the developed ability of some organism to catch the energy coming from 

the solar radiation through photosynthesis. Photosynthesis, in a nutshell, is a wonderful and 

extremely efficient process to capture solar energy and store it in the form of highly energetic 

chemical bonds of saccharides. After all, the molecules that make up fossil fuels are remnants 

of ancient biomass which captured and stored solar energy in their chemical bonds for 

millions of years.  It obvious, then, to turn again to biomass in the perspective of a shift from 

fossil fuels. Unfortunately, both two traditional forms of biofuels, namely bio-alcohols 

(ethanol or longer chain alcohols) and biodiesels, presents some drawbacks in their use.  Bio-

alcohols, derived from bacterial or fungal fermentation of sugars, are less energy-dense than 

traditional fuels; moreover, their production is a slow process that employs microorganisms, 

which are costly to bio-engineer.[11] Biodiesels are methyl esters of fatty acids.  They are 

compatible for the use in current car engines and they are much safer in terms of polluting 

emissions. First generation biodiesels are obtained from transesterification of non-edible 

oils. In order to be sustainable, non-edible oil farming should not subtract space or water to 

food crops.[12] Unfortunately, even if all cultivated land was repurposed and dedicated 

exclusively to energy crops farming, the output would never satisfy the current demand for 

fuel.[13] Second generation biodiesels are obtained from waste cooking oil or animal fats 
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and therefore do not compete with food production, but the number of impurities that these 

type of feedstock carries has a negative impact on the manufacturing costs.[14] For these 

reasons, bio-alcohols and biodiesels are unlikely to impose themselves as a solid alternative 

to traditional fuels. 

Finally, not all fossil fuels are employed to produce energy. In fact, we must remember that 

around 10% of it is needed to make chemicals to make petrochemicals, such as plastics.[15], 

[16] Besides energy, then, the rising demand for plastic is a major driving force that pushes 

towards fossil fuel consumption.[16] Another threat deriving from plastic is its very poor 

biodegradability that is causing accumulation in the environment. Plastic pollution is 

alarmingly pervasive, it is able to severely impact ecosystems and it is almost 

irreversible.[17] Taking for granted that all kind of efforts must be done in order to reduce 

plastic production and disposal and promote recycling, we must admit that plastic materials 

possess some characteristics, like light weight and extreme versatility, which makes its 

production and utilization impossible to discontinue. The third challenge is therefore to 

identify new starting materials and develop new processes to convert these materials into 

valid and renewable alternatives to traditional plastics.  

These three challenges require an immediate response and a strong effort to seek for 

innovative solutions. Hydrothermal carbonization (HTC) is a sustainable technology that 

aims to address them all. 

The expression hydrothermal carbonization describes a thermal treatment of biomass that 

takes place in an aqueous medium heated at subcritical temperatures (180-250°C), under 

self-generated pressure. Earliest studies on HTC date back to over a century ago and they 

were carried out by pioneers such as Bergius, Specht, Berl and Schmidt; this process was 

initially meant to mimic the natural process of coal and fossil fuels formation from biomass, 

motivated by concerns about the temporary shortage of fossil fuel supplies.[18] Last two 

decades of increasing awareness about the necessity of moving away from fossil fuels have 

brought the topic back to attention of the scientific community.[19]–[21] As a substitute for 

natural coalification, HTC is able to convert a complex matrix like lignocellulosic material 

into coal-like materials and a vast range of light chemicals. These chemicals can be used for 
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energy generation or for plastic synthesis, while the coal-like materials can be employed in 

sophisticated applications such as electrodes. The main advantages of HTC are two: firstly, 

the starting material, waste biomass, is ubiquitous, it is free and its use does not imply new 

CO2 emissions; secondly, as the process takes place in water, biomass does not require a 

preliminary drying step, thus saving great amounts of energy and time, and furthermore 

allowing processing of wet mixtures, including aqueous waste and sewage sludge. 

Despite the huge progress made by research in unveiling the details of the process, the 

characteristic of the outcomes and their possible uses, there is still a perceived need to 

deepen the knowledge about the complex network of transformation occurring on biomass 

during the hydrothermal conversion, particularly concerning the mechanism of formation of 

carbonaceous species and the influence of reaction parameters on the overall 

conversion.[22], [23]  

This thesis is a report of the results obtained from an investigation on the impact of varying 

conditions and reaction parameters on the hydrothermal conversion of fructose, glucose and 

xylose. These three monosaccharides, chosen as a model of cellulose- and hemicellulose-

based biomass, were subjected to hydrothermal treatment under different conditions of 

reaction time, acid catalysts or pressure and feed gas. Their conversion products were 

collected, quantified and characterised. 

The goals of this research project were: 

• To evaluate the effect of the chosen parameters on the sugar conversion, the change 

of the product yields and the morphological and chemical properties of HT carbon; 

• To highlight the correlation between chemicals in the liquid phase and HT carbon; 

• To get a deeper understanding on the chemical structure of HT carbon. 

This thesis consists of five chapter. Chapter 1 is a brief introduction on the necessity of 

developing an economic and productive system based on renewable resources such as 

biomass, which can provide a source of energy, platform chemicals and carbonaceous 

materials for sophisticated applications. 
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Chapter 2 provides an introduction on topic of hydrothermal carbonization of biomass, 

explaining the current understanding of the mechanism of formation of the different 

products in the liquid phase and the hydrothermal carbon, the studies on the influence of 

reaction parameters on the reaction and a brief mention on the proposed uses for the 

reaction products. 

Chapter 3 is focused on hydrothermal conversion of fructose, glucose and xylose. Their 

conversion in hydrothermal conditions was tested at fixed temperature (200 °C) and 

increasing reaction time (2-12h). Glucose and fructose reactivities were also tested in acid 

conditions at fixed time and temperature (200 °C, 3 h) in presence of five different strong 

inorganic acids (H2SO4, HNO3, HCl, HBr, HI). Finally, fructose reactivity was tested at fixed 

time and temperature (200 °C, 3 h) in a reactor with three different headspace feed gas (air, 

N2, CO2) at two levels of pressure (1 bar and 2 bar). The soluble and insoluble products were 

collected and the results discussed. 

Chapter 4 presents the results of a kinetic modelling of the experimental data in function of 

time and offers a final summary of this study, with conclusive observations and suggestions 

for future investigations based on this research project. 

Chapter 5 presents synthesis methods and characterization techniques used in this thesis.  
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Chapter 2 Literature review 

The following chapter will serve as description of process of hydrothermal carbonization, 

with a discussion of the current understanding on the mechanisms of conversion of 

saccharides and an overview of the main products and their applications. 

Hydrothermal carbonization 

Lignocellulosic biomass consists in three main components, namely cellulose, hemicellulose 

and lignin. Cellulose and hemicellulose are both made of polysaccharides chains. Cellulose is 

a linear polymer of glucose units bonded together by β-(1,4)-glucosidic bonds. Hemicellulose 

is a polysaccharide too, but it differs from cellulose in that it contains a variety of saccharides, 

hexoses like glucose, mannose and galactose and pentoses like xylose. The presence of 

different sugars allows the structure to be branched but it also causes the chains to be 

shorter and less strong than cellulose chains. Lignin, finally, is an amorphous heteropolymer 

consisting of phenylpropane units joined together by different types of linkages. Although 

lignin structure is generally explained as being derived by the disordered polymerization of 

three phenyl propionic alcohols (monolignols), namely coniferyl alcohol, coumaryl alcohol, 

and sinapyl alcohol,[24] several other monomers are often encountered in substantial 

amounts or in traces in normal plants.[25] 

Lignocellulosic materials undergo a vast series of transformations like hydrolysis, 

dehydration, bonds cleavage and formation of new bonds when they are subject to 

hydrothermal treatment in an aqueous medium, at subcritical temperatures and pressures.  

The products of this conversion process can be divided in three groups: water-soluble 

compounds, solid carbonaceous species (primary and secondary chars, carbon dots) and 

gases (water vapour, CO, CO2, CH4).[26]  

Water-soluble compounds include hydrolysis products of the natural polymers 

(monosaccharides and phenyl propionic alcohols), furan derivatives (furfural and 5-

hydroxymethylfurfural) and aldehydes, ketones and carboxylic acids. Some of these 

compounds have receive special attention due to studies that demonstrated their strategic 
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importance as bio-derived platform chemicals.[27] Solid carbonaceous species can be 

furtherly divided in different categories: primary chars (sometimes called hydrochars) are 

the result of direct dehydration and pyrolysis occurring on biomass without an intermediate 

hydrolysis step. The result of this treatment is a charred appearance and an increased higher 

heating value compared to that of the original biomass that makes this material fit for 

combustion and energy generation, with zero net CO2 emissions.[28], [29]  

Secondary chars derive from further dehydration, condensation and polymerization of water 

dissolved compounds. They appear as isolated or clustered solid spheres with a range of size 

between hundreds of nanometres to a few micrometres. This material is often referred to 

humins[18], [30] or, more accurately, as hydrothermal carbon. Hydrothermal carbons are 

by-products in the hydrothermal carbonization of all lignocellulosic biomass, mono- and 

polysaccharides, hexoses and pentoses.[31], [32] The interest in hydrothermal carbon arises 

from the great versatility of this material has showed. Its porosity can be modified by means 

of natural templates or activation steps; it can be doped with heteroatoms or easily 

functionalized due to the plenty of oxygenated groups on the surface of the spheres.[33] 

Finally, carbon dots, despite being solid particles, deserve a separate mention because of 

their distinctive features that distinguish them from hydrothermal carbons. Carbon dots are 

quasi-spherical fluorescent carbon particles,[34], [35] with diameters of few 

nanometres,[36] an amorphous or nanocrystalline structure with sp2 carbon clusters[37] 

and a large number of hydroxyl and carboxyl group on the surface.[38] The mechanism of 

formation of this particle is still under investigation but some interesting applications have 

already emerged in the detection of metal ions[39]–[42] or other chemicals,[43]–[45] as 

catalyst[43] or for imaging of cells.[46]  

Soluble products 

The hydrothermal decomposition of cellulosic materials can be divided in three phases. An 

initial phase of depolymerization, breaking of hydrogen bonds between cellulose fibres and 

hydrolysis of the glycosidic bond between sugars, with progressive shortening of the 

polymeric chains and dissolution of the biomass in water in its simplest constituents, namely 

C5 and C6 monosaccharides (glucose, xylose, etc.) from cellulose and hemicellulose[47] and 
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phenols from lignin.[48] The next phase is an intricate network of transformations that is 

initiated by the decomposition of monosaccharides through dehydration reactions (with 

formation of furan species) or retro-aldol condensations and consequent formation of 

shorter saccharides.  

Both furans and short saccharides can undergo further conversion through ring-opening 

reaction or oxidation, respectively, to form carboxylic acids;[49] 3. A condensation and re-

polymerization phase during which hydrothermal carbon is formed.[50]  

The complex network of transformations and reaction pathways taking place during 

hydrothermal carbonization of lignocellulosic biomass is made apparent by the large  

Table 1 . Products of decomposition of lignocellulosic biomass in hydrothermal conditions[58]–

[61] 

number of species that have been identified as products of this process. Without taking into 

account HT carbon and gaseous products (H2, CO2, CO),[49] we can group all water-soluble 

Aldehydes, ketones, 

monosaccharides 
Furan derivatives Carboxylic acids Phenols 

glucose 

fructose 

xylose 

erythrose 

dihydroxyacetone 

levoglucosan 

pyruvaldehyde 

glyceraldehyde 

formaldehyde 

acetaldehyde 

2,5-dioxo-6-

hydroxyhexanal 

furfural 

HMF 

furfuryl alcohol 

2-methylbenzofuran 

soluble polymers 

pyruvic acid 

glycolic acid 

acetic acid 

lactic acid 

formic acid 

levulinic acid 

propionic acid 

guaiacol 

catechol 

cresol 
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compounds into four classes: aldehydes/ketones (including saccharides), furan derivatives, 

carboxylic acids and phenols (Table 1).[51]–[57]  

The main furan derivatives formed in hydrothermal conversion of cellulosic biomass are 

furfural (FF) and 5-hydroxymethyl furfural (HMF). FF is found in hydrothermal conversion 

of hemicellulose and it derives from the dehydration of pentoses such as xylose, whereas, 

HMF is a product of dehydration of hexoses like fructose or glucose.[58], [62]  

It is believed that glucose conversion to HMF and its subsequent products proceeds through 

a necessary step of isomerization of the aldose form to the relative ketose form, fructose, as 

it is been demonstrated in different studies.[62], [63] The rate constant of this isomerization 

step was found to be one order of magnitude smaller than the rate constant of dehydration 

of fructose to HMF,[63] thus proving that this is indeed the rate determining step in the 

whole reaction pathway. This isomerization, named Lobry de Bruyn−Alberda van Ekenstein 

transformation after the two scientists who first reported it, also encompasses the 

epimerization of aldoses.[64] In its original formulation, the Lobry de Bruyn−Alberda van 

Ekenstein transformation describes a based-catalyzed process that proceeds via enediol 

intermediate (Scheme 1), thus also explaining the chiral inversion of the C2 and the 

subsequent formation of mannose from glucose.[65] Soon after its discovery, the same 

reactivity has been observed in the presence of strong acids.[66] Later, by means of isotopic 

labelling, the mechanism of the acid-catalyzed isomerization was described as a 1,2 hydride 

shift occurring on glucose in its acyclic form (Scheme 2).[67] In more recent times, some 

studies have demonstrated the thermodynamic feasibility of different pathways connecting 

glucose to HMF in hydrothermal conditions without involving any fructose intermediate. 

Assary et al. reported two mechanisms: one cyclic pathway initiated by the protonation of 

the C2–OH group of the pyranose ring and dehydration leading to a carbo-cation 

rearrangement to form a furanose ring, very similar to fructose dehydration; a second acyclic 

one with ring opening and enolization.[68] Yang et al. confirmed this hypothesis, indicating 

the first dehydration, following C2-OH protonation, as the rate limiting step.[69] Both 

aforementioned studies described a secondary mechanism of glucose dehydration initiated 

by C2-OH protonation and forming furfuryl alcohol, with loss of one carbon atom as formic 

acid.[68], [69] 
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Scheme 1 Mechanism of base-catalyzed glucose isomerization to fructose.[70]  

 

(a) 

 

Scheme 2 Mechanism of acid-catalyzed glucose isomerization to fructose.[67]  

 

The mechanism of formation of HMF via dehydration of fructose [Equation (1)] is explained 

in Scheme 3:[62] 

𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑒 → 𝐻𝑀𝐹 + 3𝐻2𝑂 (𝟏) 
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Scheme 3 Mechanism of dehydration of fructose to HMF. 

This mechanism is supported by Zhang and Weitz studies, who demonstrated that C1 and C6 

carbon atoms in D-fructose maps respectively onto the aldehyde and methoxy groups of 

HMF.[71] Amarasekara at al. were also able to identify the intermediate (4R,5R)-4-hydroxy-

5-hydroxymethyl-4,5-dihydrofuran-2-carbaldehyde to furtherly support this 

mechanism.[72] 

HMF has attracted a huge interest because of the reactivity of its two functional groups, 

methoxy- and aldehydic, and the possibilities of derivatisation that they offer. In fact, this 

chemical has been recognized as a valuable bio-based chemical building block[27] which can 

play a key role not only as intermediate for the production of the biofuel dimethylfuran 

(DMF),[73] but also for other biomass-derived intermediates for polymers synthesis, such 

as 2,5-furan-dicarboxylic acid,[74], [75] adipic acid[76] and levulinic acid (LA).[77], [78] As 

a consequence, a few processes for large scale synthesis of HMF from monosaccharides have 

already been patented. AVA Biochem, a Swiss-based company, has developed a continuous 

process based on carbonization of fructose that allows increased HMF yields through 

recycling of unreacted sugar[79] and has been producing HMF at commercial small scale 

since 2014;[80] in its pilot plant in Amsterdam, Netherlands, Avantium is using a technology 

based on solvolysis of sugars in methanol to obtain HMF ethers that are catalytically oxidized 

to 2,5-furandicarboxylic acid (FDCA).[81], [82]  

Levulinic acid (LevA), also named 4-oxopentanoic acid, is derived from the rehydration and 

ring opening reaction of HMF. In this reaction, HMF undergoes a fission of the formyl group 

and formic acid (FA) is formed [Equation (2)] and Scheme 4.[69]  
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𝐻𝑀𝐹 +  2𝐻2𝑂 → 𝐿𝑒𝑣𝐴 + 𝐹𝐴 (𝟐) 

 

Scheme 4 Mechanism of rehydration of HMF to levulinic acid with loss of a carbon atom as 

formic acid. 

LevA and FA are already commercially produced by GFBiochemicals[83] through the Biofine 

process. This process employs cellulosic biomass for the in a two-step conversion: in the first 

step, the ground biomass is converted in a few seconds to HMF with dilute sulfuric acid at a 

temperature of 210-220 °C and a pressure of 25 bar. Subsequently, the mixture is transferred 

to a second reactor where HMF is converted to LevA and FA, in milder conditions of 

temperature and pressure, using the same catalyst. Furfural and other by-products are 

removed at this stage. Water is subsequently boiled off, along with the remaining volatiles, 

and levulinic acid is extracted from the resulting mixture by distillation. In this process, 

approximately 50% of the initial mass of C6 sugars is converted to LA, 20% to formic acid 

and 30% to tar (i.e. hydrothermal carbons).[78] Levulinic acid (LevA) is considered as one 

of the most promising bio-derived platform chemicals because of its applications as starting 

material for the production of fuels, solvents, polymers, plasticisers, resins, anti-freeze 

agents, food-flavourings, herbicides and pharmaceuticals.[84], [85]  
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Furfural is largely produced by dehydration of pentose sugars, of which hemicellulose is rich. 

Hemicellulose is the one of the most abundant polymers in nature, along with cellulose, 

chitin and lignin,[86] making up about 20-50% of the total weight of plant biomass.[87], [88] 

It differs from cellulose in that other species of C5 and C6 monosaccharides, besides glucose, 

and uronic acids participate to its structure.[87] Interestingly, bio-derived FF produced to 

commercial scale vastly predates the recent resurgence of interest for bioderived chemicals 

like HMF. In fact, FF was studied as way to make use of oat hulls, a cheap and low value by-

product of oats.[89] Early studies on acid-catalysed dehydration of water solutions of xylose 

to FF date back to almost a century ago[90], [91] and commercial production of FF from 

biomass even predates those studies,[92] while a more focused investigation on the FF 

formation from xylan during thermal treatment of wood has been reported in more recent 

times.[93]  

First attempts at understanding the kinetics of xylose conversion in acidic medium comes 

from studies of Garrett[94] and Feather[95] who both proposed an acyclic pathway of 

formation. A more recent study by Antal Jr. contradicted these early explanations and 

concluded that a cyclic route of acid-catalyzed xylose dehydration initiated by C1 hydroxyl 

protonation was more fitting to experimental data.[96] A later study by Nimlos, however, 

specified that a protonation on C2 hydroxyl group is energetically favoured.[97]  

Secondary products of hydrothermal degradation of xylose in plain water or acid-catalyzed 

conditions are glyceraldehyde, pyruvaldehyde, lactic acid, glycolaldehyde, hydroxyacetone 

[96]and formic acid.[96], [98] Oefner observed that basic catalysis drove xylose conversion 

away from conversion to FF and towards the production of aldehydes, ketones and organic 

acids (formic, glycolic, lactic, and acetic acid). This alternative pathway is initiated by Lobry 

de Bryn-Alberda van Ekenstein rearrangement of xylose, forming the C2 epimer lyxose and 

other pentoses, whose fission by means of retro-aldol condensation is responsible for the 

formation of C1, C2, C3 and C4 species.[99]  

In more recent times, the interest towards the hydrothermal conversion of cellulosic 

biomass has brought back bio-derived furan species under the spotlights, including FF. 
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Xylose, consequently, has been studied alongside fructose and glucose from the point of view 

of hydrothermal conversion.  

 

 

Scheme 5 Mechanism of acid-catalyzed xylose dehydration to furfural. 

 

Nowadays, the method of conversion of biomass into furfural traditionally involves a two-

step process:[100]  

1. Hydrolysis of lignocellulosic biomass using acid (mainly sulfuric acid) and heat 

to release the pentoses (mainly xylose) from the biomass stock, and 

1. Cyclodehydration of the pentoses using acid and steam for the production of 

furfural. 

The typical process involves the breaking down of the hemicellulose fraction of a 

lignocellulosic biomass in a sulfuric acid solution 3% for 3 hours, in a range of temperatures 

between 170-185 °C. In these conditions, 40-50% of the potential furfural is obtained. The 

undissolved residual solid, composed of lignin and cellulose, is recovered and employed for 

energy recovery, while the acid catalyst is recycled.[101] Several mechanisms have been 

speculated to explain pentoses dehydration to furfural including both acyclic[102] and 
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cyclic[96] intermediates. The interest in bio-derived furfural arises from the many 

possibilities that this molecule or its derivatives offers for the synthesis of solvents, plastics, 

resins or as a building block for the synthesis of pharmaceuticals.[100] Moreover, the special 

chemical properties of this molecule allow for multiple condensation reactions and 

formation of long chain alkanes that can be exploited for bio-derived, carbon neutral 

fuels.[103] 

Furfural, like HMF, is regarded as a good candidate molecule to serve as a platform chemical. 

Li et al. noted that the use of furfural as a functionalized renewable platform compound 

allows the sustainable production of value-added chemicals through fewer steps than those 

required when starting from fossil feedstocks.[104] Among the value-added chemicals cited 

in their study, there are C5 derivatives like levulinic acid and γ-valerolactone and C4 

derivatives like succinic acid. An increase in the demand for high-value bioderived chemical 

might push to a growth of furfural market capacity. Nonetheless, a reduction in the cost of 

bio-derived furfural is necessary to win the competition against traditional fossil fuel derived 

chemicals.[105] Diversification of products obtained from biomass can be the key to tackle 

this issue. Zang suggests the possibility of reducing the cost of furfural by 37% with respect 

to market price by producing it from biomass in a bio-refinery along with lignin and 

ethanol.[106] Alternatively, according to Dalvand, repurposing existing production sites to 

produce furfural derivatives (such as 1,5-pentanediol, 2-methyltetrahydrofuran) would lead 

to profits that are five times higher than those made by selling furfural.[107] In any case, all 

these changes are based on a better understanding of the fundamentals of hemicellulose 

conversion to furfural. 

The above-mentioned compounds have received a great deal of attention because of their 

primary role in the transition to sustainable, bio-based fuels and materials. However, there 

are many other interesting chemicals produced during hydrothermal carbonization of 

biomass that, despite their limited strategic relevance, can still have commercial value due 

to their abundance as by-products in the hydrothermal conversion of biomass. Retro-aldol 

condensation of aldohexoses like glucose produces short-chained carbohydrates like 

erythrose and glycolaldehyde if the cleavage occurs on the C2-C3 bond or dihydroxyacetone 

and glyceraldehyde or if the cleavage occurs on the C3-C4 bond. In the latter case, both of 
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these trioses can be dehydrated to pyruvaldehyde, which in turn is converted to lactic acid 

(LacA) with a benzylic acid rearrangement.[108] LacA is usually found in higher 

concentrations when basic conditions are employed for hydrothermal conversion of 

cellulosic biomass.[109], [110] However, its presence has been detected also in acidic 

conditions.[108] LacA is a promising platform chemical for its synthesis of solvents (ethyl 

lactate), biodegradable plastics (polylactic acid, PLA) and other polymer precursors (acrylic 

acid).[111] FA, a less valuable by-product in the synthesis of LevA, has been extensively used 

in the preparation of organic esters and in the manufacture of drugs, dyes, insecticides, and 

refrigerants and green solvents,[78] as well as an excellent liquid hydrogen storage 

material.[112], [113] Acetic acid (AA) has been reported previously in hydrolysis and 

oxidation of glucose[114] and cellulose[115] in hot compressed water. Its synthesis has been 

explained by two alternative pathways. The first route involves decarbonylation or 

decarboxylation of lactic acid with production of acetaldehyde which is then oxidized to 

AA.[116]–[118] Lactic acid derives, in turn, from fructose, via retro-aldol condensation and 

base-catalyzed benzylic acid rearrangement of pyruvaldehyde (Error! Reference source not 

found.).[110] 

 

Scheme 6 Mechanism of formation of acetic acid from fructose through lactic acid 

intermediate. 

The second route involves the oxidation of furfural and HMF.[119] A general formula for the 

oxidation of an aliphatic chain of n carbon atoms to acetic acid is given by Equation (3): 

𝐶𝐻3 − (𝐶𝐻2)𝑛−2 − 𝐶𝐻3 +
3

2
(𝑛 − 1)𝑂2 →

𝐶𝐻3 − 𝐶𝑂𝑂𝐻 + (𝑛 − 2)𝐶𝑂2 + (𝑛 − 1)𝐻2𝑂 (𝟑)
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Bio-derived AA could be employed for the production of calcium/magnesium acetate.[119] 

Ca-Mg acetate salts are a viable and more environmentally friendly alternative to 

conventional inorganic road de-icers such as chlorides, as they are less toxic than chlorides, 

easily biodegradable and less harmful to plants and aquatic life.[120], [121]  

Hydrothermal carbon 

Hydrothermal carbon (HT carbon) is the amorphous carbonaceous material consisting of 

micro- or nano-scaled spherical particles[19] which are by-products in the hydrothermal 

carbonization of all lignocellulosic biomass, mono- and polysaccharides, hexoses and 

pentoses.[31], [32] An investigation on its chemical structure has proved to be fundamental 

to get a better understanding of its mechanism of formation. A great contribution to the 

ongoing research about formation and chemical structure of HT carbons has come from the 

efforts of Baccile et al.[122] and Falco et al.,[32] who identified the structural motif of furan 

rings connected aliphatic and vinyl linkers that clearly betrays the derivation of HT carbon 

as a result of disordered polymerization via aldol addition/condensation of furan and other 

organic species.[59] Sumerskii et al. confirmed these observation and proposed a 

polycondensation of HMF molecules with formation of ethers and acetals as the origin of HT 

carbon, also noting the possibility of formation of C-C coupling between furan rings in the 

case of FF-derived HT carbon.[123] Patil et al. assigned a pivotal role in the formation of HT 

carbon to a HMF-derived fleeting species, 2,5-dioxo-6-hydroxy-hexanal (DHH).[124] 

Moreover, they noted that different concentrations of HMF may affect HT carbon chemical 

structure.[124] Following these early studies, van Zandvoort et al. provided several more 

details about the relation between processing parameters such as feedstock, reaction 

temperature and acid concentration and the molecular structure of carbon spheres and 

revealed their furan structure with alcohol, acid, ketone and aldehyde functional 
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groups.[125], [126] By means of 1D and 2D solid state NMR and 13C labelling, they identified 

abundant Cα-Caliphatic and Cα-Cα linkages between furan units and rarer Cβ-Cβ and Cβ-Caliphatic 

cross-links. Thus, they were able to elaborate a refined molecular structure (Figure 1).  This 

model is also notable for including covalently bonded LevA in the HT molecular 

structure,[125] an observation that has found more confirmations in later studies.[127] The 

more the investigations on this topic has progressed, the more it has become apparent that 

HT carbon composition is not homogenous throughout a whole spherical particle, but rather 

composite-like, comprising of many different structural units such as aliphatic, furans, 

condensed benzene rings (occasionally) and other functional groups). Brown at al, made use 

of DFT fitting of experimental data to propose two models of structure: 1. arene domains 

comprised of 6-8 rings connected via aliphatic chains; 2. a furan/arene structure consisting 

primarily of single furans and 2 or 3 ring arenes.[128] Striking evidence of a core/shell 

structure was found in glucose-derived hydrothermal carbon, where the core composition 

is richer in C whereas functional groups such as aldehydes and carboxylic dominate the outer 

shell.[129] There is a possibility that this outer and “softer” shell coincides with the non-

aqueous solvent soluble fraction identified by Cheng et al. made by oligomers that have mass 

numbers ranging from 200 to 600 Da.[130] In general, longer reaction times are known to 

Figure 1 Chemical structure of C6 sugars-derived 
hydrothermal carbon as proposed by can Zandvoort et 
al. 
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have a positive effect on both growth of particles and final yields.[131], [132] The growth of 

HT particles also seems not to be limited by HMF availability, as significant increase in the 

particles size was also observed after complete consumption of HMF, pointing to a growth 

mechanism based on coalescence.[133][133] Their size, eventually, reaches a maximum 

after which no further growth is observed.[132]  

The question over the growth mechanism of HT carbon raises another question: what is the 

connection between the water-soluble precursors and the insoluble, amorphous HT carbon? 

Are there any intermediates in this polymerization process and what do they look like? To 

answer these questions, some studies have focused their attention to a large group soluble 

compounds found in trace in the water phase after hydrothermal conversion of sugars. These 

chemicals, despite comprising only 5% of the precursor’s carbon content,[134] are of great 

interest as they may provide some insight on the intricate sugar dehydration pathways and 

the early mechanisms of HT carbon formation. Poerschmann et al. have detected a large 

number of chemical species in the mass range between 120 Da and 300 Da by means of GC-

MS; among the proposed identifications, there are many keto- and benzo-furan species.[134] 

Shi et al. have investigated a similar mass range, between 150 Da and 270 Da. Besides 

identifying many species rich in furan, benzofuran and phenolic and moieties, they have gone 

further to propose a mechanism that challenges common conception of HT carbon formation 

through polymerization of furan derivatives. Instead, they proposed a mechanism based 

primarily on polymerization of sugar-derived α-carbonyl aldehydes, followed by cyclization 

and formation of aromatic domains.[135] In this model, many of the small and medium-sized 

water-soluble species would form through hydrolytic C-C cleavage of early carbocyclic 

polymers.[136], [137]  

HT carbon allows for its properties to be tuned depending on the synthetic conditions 

rendering it eligible for advanced applications such as supercapacitors,[138]–[141] 

batteries,[142], [143] fuel cell electrodes,[141], [144], [145] electrocatalysts,[146] metal 

ions nanosensing[147] and gas capture.[33], [148]–[150]  
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Influence of reaction conditions 

HTC of biomass is usually performed in acidic conditions, because hydrolysis and 

dehydration reactions are catalyzed by hydronium ions. As mentioned before, HMF is the 

pivotal compound in the whole process of transformation, as it is the starting point for both 

conversions to dissolved products (levulinic acid) and solid products (hydrothermal 

carbon). Therefore, any consideration about the influence of reaction parameters over the 

final products of hydrothermal carbonization must take into account the reactivity of HMF. 

Rate-limiting step in the dehydration of glucose to HMF in acidic medium is the isomerization 

of glucose to fructose.[62], [63] This explains the reluctance of glucose, compared to fructose, 

in dehydrating to HMF: in fact, isomerization of glucose to fructose is base catalyzed and 

therefore it is slower in typical acidic condition for the synthesis of HMF.[62] 

The nature of the acid used to catalyze dehydration of saccharides plays a major role in the 

final yield and distribution of products. Lu et al. noted a faster kinetic in HCl catalyzed 

hydrolysis of cellulose compared to that of H2SO4 in same concentration.[151] Reiche et al. 

described a different behaviour in HTC of 20 wt% glucose solutions treated with HCl or HNO3 

to the same synthesis pH. Nitric acid in fact, due to the oxidizing properties of NO3
−, drives 

the conversion towards higher yields of hydrothermal carbon in spite of HMF, levulinic acid 

and formic acid. Hydrochloric acid, conversely, catalyzes more efficiently conversion of 

glucose to HMF and levulinic acid subsequently, with much lower HTC carbon yields. It is 

also worth pointing out to a strong imbalance between levulinic and formic acid, in favour of 

the former, for both HCl and HNO3 acidified samples, despite a theoretical ratio of 1:1. This 

effect is particularly strong when at synthesis pH 0. In these conditions, the strong acidity is 

causing formic acid and other carboxylic acids to break down into gaseous species (CO, CO2), 

also causing a slight rise in the final pH.[152]  

Hydrothermal treatment of poly- and monosaccharides in basic conditions leads to quite 

significant change in the scenario. In fact, although bases such as NaOH, KOH and Ca(OH)2 

are all able to accelerate the hydrolysis of cellulose to glucose, they somehow change the 

pathway of carbonization, slowing down its dehydration to HMF, with consequent build-up 

of glucose concentration and lower yields of levulinic acid.[61], [151] On the other hand, a 
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rise in formic acid and lactic acid concentration is observed with higher synthesis pH,[151] 

pointing out the preferred pathway of degradation of the hexoses, involving retro aldol 

condensation, as shown in Figure 2. 

 

Figure 2 Schematic of main reaction pathways of cellulose decomposition in hydrothermal 
conditions. Reproduced from Buendia-Kandia et al.[49] Copyright  2017 American Chemical 
Society 

Salt anions too can affect the conversion of sugars in hydrothermal conditions. In fact, anions 

with good leaving group qualities can strongly accelerate the rate of dehydration of fructose 

to HMF, provided that they are also small and good nucleophiles. This is due to their 

intervention in the first step of dehydration of the fructose, which involves substitution and 

elimination reaction on the C2 carbon.[153] Lewis acids are also of interest in the 

homogeneous catalysis of dehydration reaction as substitutes of traditional Brønsted acids, 

due to their lower corrosivity. Various Lewis acids have been studied for carbohydrate 

conversion. Dehydration of glucose has been achieved using CrCl2 in ionic liquid with 70% 
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yield of HMF;[154] CrCl3 and HCl with 59% yield  HMF in water (NaCl)/THF biphasic 

medium;[155] SnCl4 in ionic liquid to afford 64% yield of HMF.[156] More recently, Jiang et 

al.363 have achieved a 88% yield of LevA in biphasic medium (water : MeTHF) at 200 °C in 

60 min (pH 1) with FeCl3 and a yield of 56% for HMF in a biphasic solution at higher pH (pH 

= 2) in 180 min with FeSO4.[157] Weiqi et al. have studied the synergist effect of coupling  

CrCl3 and H3PO4 on glucose conversion to LA compared to single use of CrCl3 or H3PO4. The 

highest LA yield of 54.24% was obtained from 100% glucose conversion at 170 °C for 240 

min.[158]  

CO2 in hydrothermal application can be considered as Lewis acid in gaseous form or 

Brønsted acid in its hydrated form. In any case, it has proved to be effective in catalyzing 

carbohydrates to HMF. Lin et al. have obtained a HMF yield of 60.33% from fructose 

conversion at 190 °C for 20 min with a CO2 pressure of 2 MPa.[159] There is also evidence 

that compressed CO2 is also effective in hindering the formation of undesired HMF oligomers, 

thus improving the conversion yield of sugar to HMF.[160] The use of heterogeneous 

catalysis has the significant advantage of avoiding time and energy-consuming recovery 

steps that are necessary for homogeneous catalysts. A large variety of heterogeneous 

catalysts have been proposed, including transition metal oxides,[161] phosphates,[162], 

[163] zeolites,[164] organic polymers,[165] and sulfonated carbons.[166]–[168]  

Influence of reaction time and temperature on soluble carbonization products 

Several studies have investigated the effect of reaction time and temperature on products 

yields in the liquid phase after hydrothermal carbonization of carbohydrates and 

lignocellulosic feedstock. Table 2 provides a summary of the reaction conditions used in the 

papers taken into account. Seen from the perspective of reaction time, in the early stages of 

polysaccharides conversion, HTC liquid phase is characterized by relatively high 

concentration of sugars (glucose) and furan species (HMF). Temperature has a big impact on 

hydrothermal decomposition of cellulose. Depolymerization of microcrystalline cellulose in 

water-soluble compounds is known to start at 180°C[169] and becoming predominant at 

220°C; a further increase of the temperature to values as high as 260°C causes a decline of 

sugar oligomers in favour of decomposition products such as HMF or carboxylic acids.[49]  
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Table 2 A summary of carbon precursors and reaction conditions of a collection of studies on 
the impact of process parameters on the hydrothermal carbonization of biomass and 
saccharides.  

Carbon precursor 
Biomass/water 

ratio 
(wt. %) 

Reaction 
temperature 

(°C) 

Reaction 
time 

Ref. 

Starch 10% 
180, 200, 220, 

240 
2 to 40 min  

Biomass (Jeffrey pine 
and white fir) 

12.5% 
215, 235, 255 

275, 295 
30 min 

 
255 5 to 60 min 

Cellulose 20% 225, 250, 275 0 to 96 h   

Cellulose 
Wheat straw 

Poplar 
12.5% 

200, 230, 260 
(fixed) 

0 to 8 h 

 
160-260 

(dynamic) 
/ 

Coconut husk 
Rice husk 

10% 
140, 160, 180, 

200 
4 h 

 
200 1, 2, 3 h 

Cassava rhizome 20%, 10%, 6.6% 160, 180, 200 1, 2, 3 h  

Corncomb 20%, 10%, 6.6% 160, 180, 200 1, 2, 3 h  

Sucrose, glucose, 
fructose 

2% (sucrose) 
1.05% (glu., fru.) 

180 2 to 24 min 
 

200, 220 2 to 18 min 

As general picture, it appears that hydrolysis of polysaccharides to simple sugars 

consistently increases with temperature, with maximum yields being achieved in shorter 

reaction time as temperature increases.[51], [52] Highest sugars yields are generally found 

between 180 °C and 230 °C and between 1 hour and 2 hours.[53]–[56] Fructose yields are 

generally poor in comparison to glucose yields in experiments that involves cellulose or 

starch thermal hydrolysis,[52], [53] due to the obstacle of isomerization. The hindering effect 

of glucose isomerization to fructose causes glucose concentration to build up in the reaction 

medium, whereas fructose is readily consumed. HMF yield is very dependent on both 

reaction time and temperature and its production is strictly connected to sugars content in 

the liquid phase. Although time scale of HMF concentration peak may vary from few minutes 

to hours, depending on the type and size of reactor,[52], [53], [55], [56] it always follows the 

maximum in monosaccharides concentration. HMF reaches optimal yields in a temperature 

range of 180-220 °C,[53], [55], [56] while higher temperatures cause faster conversion but 

lower yields, due to increase of secondary reactions. Experiments on conversion of simple 
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sugars monomers (glucose, fructose) and dimers (sucrose), although being conducted in 

presence of acid catalyst and therefore being kinetically faster, lead to a similar 

conclusion.[63] Xylose and FF are only detected as trace products of hydrothermal 

conversion of hexoses.[63] On the other hand, FF yields grow significantly when 

hemicellulose-rich biomass is employed; interestingly, its concentration decays more slowly 

than that of HMF with increasing reaction time, indicating a higher stability.[53] Finally, the 

formation of organic acids becomes more relevant as reaction time proceeds and higher 

temperatures are used, with acetic acid being particularly high in concentration in HTC of 

lignin-rich biomass.[51], [53]–[56]  

Chemical isolation 

At the end of a hydrothermal conversion, all chemical products like carboxylic acids, 

aldehydes, ketones and furfural derivatives need to be extracted from the water medium. 

Despite efforts to maximize yields, these products are always found in diluted concentration, 

making separation by direct distillation unfavourable.  Every process designed to convert 

cellulosic biomass into platform chemicals will have to confront with this challenge, often 

opting for a liquid-liquid extraction step. A good solvent for liquid-liquid extraction must 

fulfil some basic requirements: it must extract effectively and selectively the compound of 

interest; it must be recoverable by distillation, in order to be recycled, thus lowering the 

production costs; it must be poorly soluble in water, in order to minimize losses during 

extraction; it must have a fairly different density from water, to allow a quick separation. In 

addition to these fundamental features, in the perspective of a greener process, it should also 

be inexpensive and non-toxic.[170] Several organic solvents have been successfully 

employed for liquid-liquid extraction of HMF, LevA and FF.  Some of them are more 

traditional solvents, like methyl isobutyl ketone (MIBK),[171], [172] 2-butanol,[73], [171] 

tetrahydrofuran[173] and 2-methytetrahydrofuran;[173] some other less obvious 

alternative solvents such as dimethylcarbonate,[163] o-propylphenol[174] or 

hexafluoroisopropanol[175] have also been proposed due to their remarkably high 

partitioning coefficient. Among the traditional ones, MIBK in particular has proved to be the 

best solvent for the extraction of HMF in counter current, due to the combined effect of it 



25 
 

high partition coefficient and its lower solubility in water, compared to other solvents. 

Addition of sodium chloride furtherly improves the partition coefficient.[176]  

The performances of solvents in liquid-liquid extraction can be improved by exploiting the 

salting-out effect of some common salts. Salting-out efficiency appears to be roughly 

independent of the nature of the cations and the extracting solvent, in the liquid-liquid 

extraction of HMF; in fact, it only depends on the anion.[177] Therefore, “green” solution can 

be applied also to this problem. A waste material like pentasodium phytate, derived from 

cereal, has also been considered as an alternative to inorganic salts as a cheap salting-out 

agent, thanks to its promising performances in a water/1-butanol/HMF system, in terms of 

separation of HMF.[178] Other strategies to achieve better extraction yields involves the use 

of a mixture of solvents and salts,[179] or different solvents in separate stages of 

extraction.[180] The downside of using salts to improve HMF extraction is an increased risk 

of corrosion of the production lines as well as a higher boiling point of water, thus requiring 

a higher amount of energy to  be distilled and recycled back in the system. The increased 

demand of energy and maintenance costs hinder the scalability of these processes to 

industrial scale.[181] 

Alternative approaches to synthesis of HMF in non-aqueous medium, such as the 

employment of organic solvents, ionic liquids or deep eutectic solvents, still rely on a 

necessary extraction phase with a second solvent in order to concentrate the product and 

minimize secondary reaction. Once HMF is extracted, this solvent need to be separated again 

in order to get the desired product.[171], [182] Extraction with supercritical CO2 is a way to 

circumvent this problem by employing a cheap and non-toxic solvent that can be easily 

separated from the HMF once the extraction is complete, by simple depressurization. 

Supercritical CO2, however, is only used as extraction solvent when ionic liquids are 

employed as reaction medium solvent.[183]  

Other methods such as filtration can allow to completely skip the extraction step from the 

reaction medium and a good recovery of the reaction solvent.[184] 
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Influence of feedstock, reaction time and temperature on hydrothermal carbon 

properties 

Feedstock 

 

As highlighted in the previous section, furfural and HMF, originating from the dehydration 

of pentoses and hexoses respectively, play a key role in the formation of hydrothermal 

carbon spheres, due to their reactivity. Consequently, it is reasonable to expect chars with 

similar morphology and structure, regardless of the carbon precursor, as long as any of the 

aforementioned compounds are present in the reaction medium. Titirici et al. showed that 

carbon spheres derived from hexoses like glucose, maltose or hexose-based polysaccharides 

like sucrose or starch have the same morphology among themselves and with HMF-derived 

HT carbon. Similarly, carbon spheres obtained from the HTC of xylose and furfural are 

indistinguishable in shape. A relevant difference in morphology was instead found by 

comparing hexose- and pentose-derived carbons: the former had a more clustered or 

interconnected shape while the latter had a more dispersed appearance.[31] A study by 

Falco et al. confirmed these findings by comparing the morphology of the HTC secondary 

char derived from glucose, cellulose and rye straw. It also noted that hydrothermal 

treatment of real biomass causes disruption of fibres and formation of microsphere on the 

surface of the fragmented fibres.[32] 

Reaction time and temperature 

 

Reaction time and temperature have been shown to influence hydrothermal carbon 

morphology.  Sevilla et al., studying hydrothermal carbon yields from the HTC of glucose, 

sucrose and starch, noted that in any case, a rise of the precursor concentration, reaction 

time or reaction temperature resulted in an increased yield of hydrothermal carbon and in 

the diameter of the microspheres.[185] Romero-Anaya have substantially confirmed the 

observation, noting also that carbon sphere growth reaches a maximum (at fixed reaction 

time and precursor concentration) at 200°C.[132] Reaction time seems to have an impact on 

morphology and size of carbon spheres only up to a certain point. In fact, it has been noted 
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that, over a treatment time of 12, 24 and 48 h, sugars derived carbon spheres achieve bigger 

and more uniform sizes from 12 h to 24 h, but longer reaction times do not produce any 

change in size or morphology.[132] Moreover, it has been demonstrated that a second 

subsequent HTC of the carbon spheres results in the uniform growth of the pre-existing 

particles without any relevant formation of new ones.[186] Simsir et al. have studied the 

effect of different reaction time on HTC of different kind of feedstocks (glucose, cellulose, 

chitin, chitosan, wood chips) at a fixed temperature of 200°C. In this study, glucose-derived 

carbon spheres are not observed before a 12 hours long treatment, with an average diameter 

of around 800 nm for a residence time between 12 h and 36 h, and a slightly lower average 

diameter of 500-600 nm with increasing residence time to 48 h.[187] This has been 

explained with the plausible existence of an equilibrium between growing and 

decomposition of spherical carbon particles for longer residence times. Chitin is insensible 

to HTC, while cellulose and wood chips produce hard carbon spheres, too. Finally, chitosan 

derived hydrothermal carbon appears in the form of densely aggregated structures. 
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Chapter 3 Hydrothermal conversion of fructose, glucose and xylose 

Introduction 

Several recent reviews, covering the topic of hydrothermal conversion of biomass, insist on 

the necessity of a deeper theoretical comprehension of the mechanisms of carbon 

formation.[22], [23], [188], [189] Nevertheless, the majority of hydrothermal carbonization 

studies have been focused on elucidating either the liquid[58]–[61], [84] or solid phase[31], 

[185], [190]–[193] independently, while in fact, not only HT carbon formation is strictly 

connected to HMF, the latter being reckoned as its most likely building block;[31], [133], 

[194] HT carbon formation competes with carboxylic acids synthesis for the consumption of 

HMF;[32], [131], [133] finally, HT carbon is known to chemically incorporate in their 

structure some of these carboxylic acids in the liquid phase.[127] A synergistic study 

investigating mutual interdependencies between the two classes of products, chemicals in 

the liquid phase and solid HT carbons would be of paramount importance for a better 

understanding of the entire process, which in turn would allow its optimization. For this 

study, fructose, glucose and xylose were chosen as substrates to investigate their reactivity 

in hydrothermal conversion. Glucose and xylose are the main building blocks of 

cellulose[131], [195]–[197] and hemicellulose.[87] As for fructose, it is believed to be an 

intermediate in the hydrothermal conversion of glucose [62], [63]; a study of his behaviour 

allows to reduce the complexity of the system and compare the reactivities of a furanose 

sugar and a pyranose sugar. Time is an obvious key parameter to test.  In order to make this 

process more efficient we must understand the time scales of formation of the chemicals 

involved and their evolution through time. Acid catalysis is strictly related to kinetic of the 

process, as it is necessary to maximize conversion and reduce the reaction time. Strong 

mineral acids, however, such as H2SO4, HNO3, HCl, HBr or HI, not only act as catalysts by 

lowering the pH of the reaction medium; they also possess conjugate basic anions with 

different features: varying pKa, increasing basicity and nucleophilicity, different ionic size 

and oxidizing power. All these features may have an impact on both products yields and 

chemical properties of HT carbon. Finally, initial pressure and atmosphere are often 

overlooked parameters in a process that occurs in an autogenous pressurized environment 
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and involves formation of several gas species.[144] Air atmosphere is predominantly 

employed in the reactor headspace in these kinds of reactions, but a N2 atmosphere could 

provide an inert environment and possibly prevent oxidation reactions. A CO2 atmosphere, 

on the other hand, might be a suitable way to provide mild, clean and sustainable acid 

catalysis necessary to accelerate the process.[198]–[201] Therefore, the aim of this study is 

to elucidate the influence of reaction time, acid catalysts and pressure on the hydrothermal 

conversion products of fructose synergistically and make correlations between the 

composition of the liquid and solid phase. 

Composition of the aqueous phase 

Figure 3 shows a sequence of HPLC chromatograms relating to the aqueous media of  

Figure 3 HPLC chromatograms of hydrothermal aqueous solution versus reaction time, 

displaying the consumption of sugar precursor (fructose), the appearance and disappearance 

of HMF in the time range between 2 and 4 h an the rising of FA and LevA peaks at longer 

reaction times.  
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reaction time series of experiments, with an identification of the main products: fructose 

(starting material), formic acid (FA), acetic acid (AA), levulinic acid (LevA) and HMF (5-

hydroxymethyl furfural). Although hydrothermal conversion of sugars is known to produce 

a vast variety of chemical species beyond the ones mentioned above,[144] in the present 

study these five species only were identified as major components of the aqueous phase and 

therefore quantified in the experiments. Any other trace species was not included in this 

study. 

Reaction time. 

Figure 4 shows the yields of products of conversion of fructose and residual unreacted 

precursor. Secondary y axis shows the pH of aqueous phase at the end of the reaction. Yields 

are expressed as ratio of product moles over reagent moles. HT carbon molarity is calculated 

by assuming a molar mass of 108.1 g mol-1. This assumption has been already employed in 

previous kinetic studies on the formation of HT carbon.[133], [202] It is based on a model 

that treats HT carbon as a polymer made of HMF units condensed with loss of a molecule of 

water, with simplified stoichiometry as given by [Equation (4)]: 

𝑛 𝐻𝑀𝐹 → ℎ𝑦𝑑𝑟𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑎𝑟𝑏𝑜𝑛 + 𝑛 𝐻2𝑂 (𝟒) 

This model, however, is an oversimplified representation of the real material. In fact, 

considering hydrothermal carbon as a clean, straight chain of repeated HMF units, it is not 

taking into account the presence of ramifications, the minor involvement of other molecules 

in the polymerization process, nor does it consider possible post-polymerization structural 

modifications such as cross-linking, cyclization, dehydration and oxidation. All of these 

deviations from the ideal model can result in an incorrect estimation of the number of moles. 

In particular, the functionalization of the outer layers of carbonaceous particles may increase 

the final mass of HT carbon, leading to an overestimation of the moles of product. This 

uncertainty, in turn, will add up to the sum of uncertainties arising from HPLC detection of 

chemicals in the aqueous phase, leading to a sum of individual yields which is higher than 

100% in a few cases. 
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By the observation of the HPLC data relative to the hydrothermal conversion of fructose from 

2 h to 12 h (Figure 4), three reactions can be distinguished. The first reaction takes place 

from 0 to 4 h, when fructose quantitative conversion is achieved (Table 3). 

Table 3 Product yields, residual fructose and final pH versus reaction time at 200 °C. 

Time 

(h) 

Fru 

(mol %) 

FA 

(mol %) 

AA 

(mol %) 

LevA 

(mol %) 

HMF 

(mol %) 

HTC 

(mol %) 

pH 

2 98.1 ± 0.0 0 0 0 6.0 ± 2.0 0 3.00 ± 0.10 

3 28.7 ± 0.8 8.0 ± 3.0 [a] 4.0 ± 2.0 52.7 ± 0.3 36.0 ± 3.0 2.30 0.06 

4 0 23.0 ± 1.0 [a] 18.0 ± 1.0 21.0 ± 4.0 42.0 ± 3.0 2.33 ± 0.02 

6 0 27.0 ± 2.0 1.8 ± 0.2 22.0 ± 1.0 0 52.0 ± 7.0 2.28 ± 0.03 

12 0 23.9 ± 0.7 2.3 ± 0.0 23.9 ± 0.3 0 61.5 ± 0.3 2.16 ± 0.02 

[a] below quantification limit 

 

Between 2 and 3 h the conversion rate of fructose to HMF is very fast, reaching a maximum 

yield of 53% in 3 h. At this point, rehydration of HMF and consequent production of levulinic 

acid (LevA) and formic acid (FA). In fact, FA and LevA, can already be observed at 3 h, 

although in low yields (8% and 4% respectively). Conversion rate of HMF to LevA and FA 

grows fast from 3 h to 4 h, eventually reaching a plateau (23.9%). At a later stage of the 

reaction, while we observe only minor fluctuations in the yields of FA and LevA, the third 

process, namely HT carbon formation (Eq. 1), grows steadily. The fact that no significant 

increase in the yields of LevA and FA is observed from 4 h on, whereas HT carbon yields 

constantly increase with time, seems to suggest that, if any “new” levulinic acid and formic 

acid are synthetized, they are immediately consumed. This might imply a chemical 
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incorporation of LevA molecules in forming HT carbon particles (Figure 4a), as previously 

proposed by Qi.[127] 

It must be also noted that the final pH decreases constantly as the reaction proceeds, 

indicating the accumulation of acidic species in the reaction medium. Acetic acid (AA) is 

certainly among this species. AA is present in small but appreciable amounts in the aqueous 

phase at long reaction times (6-12 h, Figure 4a). The late appearance of AA points out to its 

synthesis through a minor, slower chemical pathway. Jin et al. have reported a prevalence of 

the oxidation of furfurals over lactic acid pathway as the responsible for the production of 

AA, though not ruling out other unspecified synthetic routes.[119] Although lactic acid was 

not monitored in this study, it must be noted that HMF is totally consumed in the time rage 

between 4 and 6 h, but AA yield slightly increases from 6 to 12 h. This means that, in these 

conditions, HMF oxidation is not the main source of AA.  

The accumulation of species like AA and FA accounts for the slow but constant decrease in 

the pH of the aqueous solution as the hydrothermal treatment proceeds. Moreover, the 

existence of many other oxidation pathways, other than HMF rehydration, leading to the 

formation of FA[119] can account for the slight but frequent deviations from equimolarity 

between FA and LevA. 
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Figure 4 Degradation products of fructose. Fructose (fru), formic acid (FA), acetic acid (AcA), 

levulinic acid (LevA), 5-hydroxymethylfurfural (HMF), HT carbon (HTC). Final pH of liquid 

phase is shown on the secondary y axis. Reaction parameters: starting solution 10% w/w 

fructose in water (a) 200 °C, increasing reaction time, no catalyst, air, atmospheric pressure; 

(b) acid-catalyzed reaction, 200 °C, 3 h, initial pH 1.5, air, atmospheric pressure; (c) controlled 

atmosphere (air, CO𝟐, N𝟐) and pressure (1.01 bar or 2 bar) at 200 °C for 2 h. 
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Figure 5 shows the yields of conversion of glucose to soluble chemicals and insoluble 

particles of hydrothermal carbon. Glucose conversion starts off very slowly. Unreacted 

glucose still makes up roughly 80% of the initial concentration after 4 hours of reaction and 

the conversion is brought to completion after over 6 hours from the start of the treatment. 

The only conversion products observed in the time range between 2 hours and 3 hours are 

HMF and fructose, in extremely low yields. While the slowness of the process proves the 

reluctance of glucose to undergo dehydration reaction, the presence of fructose, in small but 

detactable amounts, indicates that the reaction pathway of isomerization of glucose to 

fructose is active at these reaction conditions. In this scenario, fructose acts as labile 

intermediate proving that gets dehydrated to HMF very easily. HMF highest yield of 15.9% 

is achieved at 4 hours and the first HT carbon precipitate is observed at the same time. 

Consequently, 6 hours time marks a fast decline in the HMF yield and the appearance of FA 

and LevA. HT carbon keeps growing eventually taking over at 12 hours, followed by FA and 

LevA.  The overall chronology of reactions reflects the one observed in the previous chapter, 

with fructose as precursor, but it is nonetheless dominated by the extremely slower 

reactivity of glucose acting as a bottleneck and delaying the formation of HMF. HMF highest 

yield in these reaction conditions does not exceed 16%, consequently keeping LevA and FA 

yields low. As seen in the previous chapter, LevA and FA formation benefits more from a 

lower pH than HT carbon. Moreover, the same reaction produces FA, furtherly lowering the 

pH and proceeding in an autocatalytic way. In this case, reaction pH decreases more slowly 

and so does HMF rehydration. On the other hand, HMF polymerization to HT carbon is less 

pH-sensitive. Thanks to the reduced competition of the LevA-FA reaction pathways, HT 

carbon proceeds undisturbed, leading after 12 hours to a final yield that is comparatively 

higher than that observed at the same reaction time with fructose as carbon precursor. 

This set of data confirms the sequence of trasformations that goes from glucose to HMF 

through fructose, and then from HMF to LevA, FA and HT carbon as well as the whole time 

scale. From the perspective of an industrial upgrading of the conversion of glucose to HMF, 

it is impractical to design a process that does not involve any catalyst, because of great 

amount of time it would take to obtain the desired product, the energy demand and 

unsatisfactory yields, resulting ultimately unsustainable. However, the weak point of using 
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glucose as a precursor, which is the kinetic bottleneck of slow isomerization to fructose, can 

be turned into a strenght if HMF is rapidly and effectively removed from the reaction medium 

before accumulating, thus pushing the reaction towards the desired product and avoiding 

further conversion at the same time. 

Table 4 Product yields, residual fructose and final pH versus reaction time at 200 °C  

Time 

(h) 

Glu 

(mol %) 

Fru 

(mol %) 

FA 

(mol %) 

LevA 

(mol %) 

HMF 

(mol %) 

HTC 

(mol %) 

pH 

2 104 ± 6 0 0 0 0.7 ± 0.1 0 3.51 ± 0.1 

3 100 ± 4 0.8 ± 0.2 0 0 5.8 ± 0.7 0 3.09 ± 

0.05 

4 76.3 ± 0.7 0 0.2 ± 0.1 0* 15.9 ± 0.3 12 ± 1 2.84 ± 

0.02 

6 26 ± 2 0 12.5 ± 0.3 8.5 ± 0.2 12.0 ± 0.4 40 ± 7 2.48 ± 

0.01 

12 0 0 16.8 ± 0.7 14.6 ± 0.1 0 65 ± 1 2.30 ± 

0.04 

* below quantification limit 
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(a) 

 

(b) 

 

Figure 5 Conversion products of glucose. Glucose (glu), fructose (fru), formic acid (FA), acetic 

acid (AcA), levulinic acid (LevA), 5-hydroxymethylfurfural (HMF), HT carbon (HTC). Final pH 

of liquid phase is shown on the secondary y axis. Reaction parameters: (a) 200 °C, increasing 

reaction time, no catalyst; (b) acid-catalyzed reaction, 200 °C, 3 hours, initial pH 1.5. 
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Figure 6 shows the evolution of xylose conversion and products yields between 2 h and 12 

h at 200 °C in plain water. The monitored species were xylose, glucose, fructose, formic acid, 

acetic acid, levulinic acid, HMF and HT carbon. The calculation of the molar yield of xylose-

derived HT carbon were made with an assumption similar to the one made for fructose-

derived HT carbon (Chapter 3) and adapted to a FF polymer model, as in Gandini.[203] 

Therefore, the theoretical molar mass was assumed to be 94.07 g mol-1. 

Among these species, only FF, AA, FA, HTC and unreacted xylose were found in the reaction 

medium. FF is well known to be produced by the dehydration reaction of pentoses such as 

xylose.[204] Reverse aldol condensation of xylose is another decomposition pathway 

triggered by heat, leading to the C2-C3 cleavage and formation of glycoladehyde and 

glyceraldehyde, as described by Antal.[96] The decomposition pathways of glyceraldehyde 

has been mentioned in the previous chapters for its involvement in the formation of lactic 

acid that can be decarbonylated or decarboxylated to acetaldehyde, which in turn is oxidised 

to AA.[108], [114], [116], [205] Since AA only was monitored in these series of experiments, 

its presence is the only clue of the actual impact of the reverse aldol condensation synthetic 

pathway on the overall conversion of xylose. The other species involved can account, to some 

extent, for the percentage of converted xylose that is not detected in form of product. Lactic 

acid, in particular, can be one the organic acids that are responsible for the slow and constant 

decrease in the pH. As for AA, it must be noted that it is found in low concentration and at 

late stage of the conversion (12 h). Moreover, the sum of unreacted xylose, FF and HT carbon 

always represents more than 70% of the initial moles of xylose. These two observations 

suggest that reverse aldol condensation of xylose, if active, may be a minor degradation 

pathway, while the majority of the xylose is dehydrated to FF. AA has also been previously 

detected as a trace component in hydrothermal conversion of glucose and fructose, 

particularly after long reaction times. An alternative explanation for its presence at later 

stages of conversion is that AA may be the result of the wet oxidation of furan units the 

structure of HT carbon.  

FF formation due to xylose dehydration is relatively slow: if compared to the observed 

reactivity of fructose and glucose in previous chapters, its reactivity towards dehydration 

can be placed somewhere between glucose and fructose, with fructose being the most 
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reactive species and glucose the least reactive one. In fact, complete conversion of xylose in 

these conditions is only achieved after 6 h, similarly to glucose. Xylose conversion to FF, 

however, produces much higher FF yields than those of glucose dehydration to HMF. FF 

highest yield of 45% is reached at 6 h, while HMF highest yield from glucose is 15% at 4 h. It 

is also worth noticing that, despite the time scale of xylose dehydration is more leaning to 

that of glucose dehydration, FF tends to accumulate in the reaction medium in a way that is 

notably different from the behaviour of HMF. HMF concentration, both in glucose and in 

fructose conversion, plummets down shortly after reaching its peak, as a joint effect of 

polymerization/condensation to HT carbon and rehydration to levulinic acid. No HMF was 

ever detected in our experiments at a reaction time of 12 h. Conversely, it appears that no 

significant reactions, other than HT carbon formation, occur at the expense of FF. This 

behaviour is not entirely unexpected. An early study by Dunlop demonstrated that pure FF 

is a thermally stable molecule that undergoes little to no decomposition at all after prolonged 

heating at 140 °C and 180 °C in vacuum, showing relevant signs of decomposition just after 

more than 100 h at 230 °C.[206] In another study, its relative stability in low concentrations 

of acids was also noted.[207] The observed behaviour of FF in the present study confirms 

previous findings: FF is notably far more stable than HMF in analogous conditions and it is 

also less prone to ring opening reactions than HMF. It follows that the only reaction that 

consumes FF is HT carbon formation and, also in this case, FF-derived HT carbon yields are 

notably lower than those of HMF-derived HT carbons. This difference in HT carbon yields 

must be rooted in the different chemical structure of FF and HMF and once again proves that 

the furan species are key molecules in the formation and chemical properties of HT carbons. 

Finally, FA peculiar behaviour should be mentioned. FA sparsely appears in very low 

amounts at 3 h and 6 h. It is believed to be derived from hydrolytic fission of the aldehyde 

group, as a secondary product in the resinification[204] or oxidation[208] of furfural. Its 

presence here not only confirms those previous studies, but it also suggests that this kind of 

reaction might contribute to the notorious excess of FA with respect to LevA already 

observed in the hydrothermal conversion of HMF. The reason for its oscillating yields might 

be found in the known tendency to undergo hydrothermal decomposition to CO2 and 

H2.[209]  
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Table 5 Product yields of xylose hydrothermal conversion, residual xylose and final pH versus 

reaction time at 200 °C 

Time 

(h) 

Xyl 

(mol %) 

FA 

(mol %) 

AA 

(mol %) 

FF 

(mol %) 

HTC 

(mol %) 

pH 

2 94.5 ± 0.2 n.d. n.d. 1.3 ± 0.1 n.d.  

3 78.6 ± 0.8 0.9 ± 0.4 n.d. 10.7 ± 0.8 0.7 ± 0.1  

4 43.5 ± 

10.5 

n.d. n.d. 38.3 ± 5.6 8.7 ± 1.5  

6 5.2 ± 3.7 3.0 ± 0.3 * 45.1 ± 5.5 26.5 ± 1.2  

12 n.d. n.d. 2.6 ± 0.1 29.3 ± 0.5 46.5 ± 0.2  

* below quantification limit 

 

Acid catalysis 

 

The acids employed in this series of experiments (H2SO4, HNO3, HCl, HBr, HI) were chosen in 

order to have a diverse group of strong mineral acids with different features: variation along 

the period (HX), monoatomic and polyatomic anions (HX vs. nitric acid and sulphuric acid) 

and an oxidizing acid (nitric acid). Each acid was added in such a volume to reach to reach a 

concentration of 0.031 M. This concentration corresponds to a pH of 1.5 for monoprotic acids 

(HNO3, HCl, HBr, HI) and 1.4 for H2SO4.In comparison to the reaction time experiments, 

monitoring the evolution of chemical species over reaction time, these experiments provide 

a static picture, not only because they were made at fixed reaction time (3 h), but also 

because the addition of strong inorganic acids as catalysts pins the pH to a low value that is 

kept practically unaltered throughout the whole reaction (Figure 4b, Figure 5b). 
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Figure 6 Conversion products of xylose. Unreacted xylose (xyl), formic acid (FA), acetic acid 

(AcA), furfural (FF), HT carbon (HTC). Final pH of liquid phase is shown on the secondary y 

axis. Reaction parameters: 200 °C, increasing reaction time, no catalyst. 

 

Under these conditions, fructose is quantitatively converted, as opposed to partial 

conversion in uncatalyzed 3 h sample (Figure 4a). HMF is not detected either. The only 

detected products are FA, LevA and HT carbon (Table 6). Several experimental[194], [202], 

[210], [211] and computational studies,[68], [69] however, suggest that formation of HMF 

from fructose still takes place in acidic conditions and both levulinic acid and HT carbon 

originate from it in the same synthetic sequence observed in the previous experimental 

series. HT carbon yields are significantly lower than the sum of FA and LevA yields. 

Moreover, HT carbon yields are similar to those obtained at the same reaction time in 

absence of acid catalyst, whereas FA and LevA are produced in much higher amounts. This 

means that the polymerization of HMF to HT carbon is not greatly affected by acid catalysts, 

while reaction of HMF and formation of LevA and FA is faster in acidic conditions. This 

finding is consistent with previous studies.[133]  
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Table 6 Product yields and final pH versus acid catalyst at 200 °C for 3 h. 

Acid 

(0.031 

M) 

FA 

(mol %) 

LevA 

(mol %) 

HTC 

(mol %) 

pH 

H2SO4 60.8 ± 

0.0 

52.1 

±1.0 

40.3 ± 

0.1 

1.46 

±0.01 

HNO3 59.0 ± 

4.0 

51.0 ± 

3.0 

37.0 ± 

1.0 

1.46 ± 

0.02 

HCl 60.6 

±0.0 

52.0 ± 

0.0 

39.3 ± 

0.1 

1.51 

±0.01 

HBr 59.0 ± 

2.0 

51.0 ± 

2.0 

39.8 ± 

0.6 

1.46 ± 

0.01 

HI 63.6 ± 

0.1 

55.1 ± 

0.1 

40.9 ± 

0.5 

1.48 ± 

0.01 

 

 

It is also interesting to notice that FA is always found in slight excess with respect to LevA, 

apparently contradicting the theoretical assumption of these two carboxylic acids being 

formed in equal amount by the rehydration of HMF. However, we already noticed an increase 

in the yield of HT carbon in uncatalyzed condition from 4 to 6 h in absence of HMF. This is 

another hint that LevA can take part, along with HMF, in the polymerization process that 

leads to the formation of HT carbon. Finally, it must be noted that no AA is detected in any of 

the samples. As previously said, AA can be derived from oxidation of lactic acid[116], [117] 

or HMF. Lactic acid, however, requires base-catalyzed benzylic rearrangement of 

pyruvaldehyde to form. Two hypotheses can be made to explain this result: 1. low synthesis 

pH suppresses the basic-catalyzed reaction pathway of formation of AA involving lactic acid; 
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2. oxidation of HMF to AA is slow and all HMF is converted to LevA and FA or HT carbon 

before this synthetic route can take place. 

The following series of experiments employs the same set of strong acids (H2SO4, HNO3, HCl, 

HBr, HI) and reaction conditions (3 h, 200 °C) for the acid-catalyzed conversion of glucose. 

Figure 5b shows that this addition profoundly alters the system with respect to the 

analogous uncatalyzed system. The first notable fact is the great difference in the final pH 

(~1.5) of catalysed and uncatalyzed systems (3.09). Overall, the addition of mineral acid 

enhances the glucose degradation. Percentages of unreacted glucose in the reaction medium 

vary from 80% (nitric acid) to 40% (hydroiodic acid), marking an overall great improvement 

in the conversion with respect to the extremely low conversion in the uncatalyzed system. 

Conversion yields of FA, LevA, HMF and HT carbon changed accordingly. In fact, even if HMF 

yields are lower, on average, than those obtained in absence of acids at the same reaction 

time, it must be considered that, unlike the uncatalyzed system, FA, LevA and HT carbon 

yields are present in large amounts. This means that much more HMF was produced in a 

smaller time and the majority of it was furtherly converted to either LevA+FA or HT carbon. 

Looking at the performances of each single acid in terms of glucose conversion and product 

yields, we can see quite distinct results, pointing out to relevant contribution of the negative 

counter ion. Grading these values from the highest to the lowest we obtain the following 

scales: 

𝐶𝐺(𝐻𝐼) >  𝐶𝐺(𝐻2𝑆𝑂4) >  𝐶𝐺(𝐻𝐶𝑙) > 𝐶𝐺(𝐻𝐵𝑟) >  𝐶𝐺(𝐻𝑁𝑂3) 

for glucose conversion; 

𝑌𝐻𝑀𝐹(𝐻𝑁𝑂3) >  𝑌𝐻𝑀𝐹(𝐻𝐵𝑟) >  𝑌𝐻𝑀𝐹(𝐻𝐶𝑙) > 𝑌𝐻𝑀𝐹(𝐻2𝑆𝑂4) >  𝑌𝐻𝑀𝐹(𝐻𝐼) 

for HMF yields; 

𝑌𝐿𝑒𝑣𝐴(𝐻𝐼) >  𝑌𝐿𝑒𝑣𝐴(𝐻2𝑆𝑂4) >  𝑌𝐿𝑒𝑣𝐴(𝐻𝐶𝑙) >  𝑌𝐿𝑒𝑣𝐴(𝐻𝐵𝑟) >  𝑌𝐿𝑒𝑣𝐴(𝐻𝑁𝑂3) 

for LevA and FA; 

𝑌𝐻𝑇𝐶(𝐻𝐼)  >  𝑌𝐻𝑇𝐶  (𝐻2𝑆𝑂4)  ≈  𝑌𝐻𝑇𝐶(𝐻𝑁𝑂3)  >  𝑌𝐻𝑇𝐶(𝐻𝐶𝑙)  >  𝑌𝐻𝑇𝐶(𝐻𝐵𝑟) 

for HT carbon. 
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These four scales correspond to four main reaction steps: 

1. Glucose isomerization to fructose; 

2. Fructose dehydration to HMF; 

3. HMF rehydration to LevA and FA; 

4. HMF polymerization to HT carbon. 

All these steps are based on the assumption that glucose is isomerized to fructose also in 

these conditions. This is implied by the direct observations made previously in uncatalyzed 

conditions, when fructose was clearly detected, although in very small amounts, as well as 

previous studies. In all of our observations, however, no fructose is detected at the end of the 

reaction, most probably due to its high reactivity under these conditions. 

Of all the above mentioned four steps, the first three are consecutive reactions while the last 

two are competing reactions; moreover, the first two steps, namely isomerization and 

dehydration, are acid-catalyzed. Therefore, to better understand the effect of different acids 

on the outcomes of these reactions, the activity 𝑎𝐻 of the proton H+ must be take into account. 

𝑎𝐻 is defined as follows (eq. 5). 

𝑎𝐻 = 𝛾[𝐻
+] (𝟓) 

The coefficient of activity 𝛾 for solution with low ionic strength can be obtained from the 

Debye-Hückel equation (eq. 6). 

𝑙𝑜𝑔10𝛾 = −
𝐴|𝑧+𝑧−|√𝐼

1 + 𝐵𝑎√𝐼
(𝟔) 

 𝐼 is the ionic strength of the solution, z is the integer charge of the ion, 𝐴 and 𝐵 are constants 

for each solvent at a given temperature and 𝑎 is the effective diameter of the ion in angstrom. 

Table 7 displays the calculated ionic strengths of the 5 acidified glucose solutions and the H+ 

and anions coefficient of activity at 25 °C in water. Coefficients of activity are calculated as 

per eq. 7; values of A and B constants of 0.5085 and 0.3281 at 25 °C in water are taken from 

Skoog[212] and effective diameters of ions 𝑎 are taken from Kielland.[213] 
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Table 7 Ionic strength of 0.031 M solutions of H2SO4, HNO3, HCl, HBr, HI in water an 
corresponding 𝐻+and anions coefficients of activity. 

acid Ionic strength  𝛾𝐻 𝛾𝐴 

HNO3 3.16 10-2 8.72 ⋅ 10-1 8.38 ⋅ 10-1 

H2SO4 4.65 10-2 7.35 ⋅ 10-1 6.75 ⋅ 10-1 

HCl 3.16 10-2 8.72 ⋅ 10-1 8.38 ⋅ 10-1 

HBr 3.16 10-2 8.72 ⋅ 10-1 8.38 ⋅ 10-1 

HI 3.16 10-2 8.72 ⋅ 10-1 8.38 ⋅ 10-1 

Higher ionic strength of sulfuric acid solution depends entirely on the higher number of ionic 

species in solution due to diprotic nature of the acid. In turn, this higher value causes a 

slightly lower activity of H+ compared to that of monoprotic acids. However, the ionic 

strength of a solution plays an important role in the dissociation of the acid itself.  According 

to Kennedy,[214] the pKa of an acid in conditions that take into account ionic strength of a 

solution (defined as 𝑝𝐾𝑎(𝑚𝑖𝑥),𝑛 ), is the sum of the 𝑝𝐾𝑎(𝑡ℎ𝑒𝑟𝑚),𝑛 (theoretical 𝑝𝐾𝑎 at infinite 

dilution) and an additional term depending on the constant 𝐴, the ionic strength, the charge 

of the undissociated acid 𝑧 and the degree of dissociation 𝑛 (eq. 7). 

𝑝𝐾𝑎(𝑚𝑖𝑥),𝑛 = 𝑝𝐾𝑎(𝑡ℎ𝑒𝑟𝑚),𝑛 + 𝐴
√𝐼(2𝑧 − 2𝑛 + 1)

1 + √𝐼
(𝟕) 

Eq. 8 shows that all the acid catalysts employed in these experiments (z=0) will see a slightly 

increased Ka as ionic strength of solution increases. 𝐾𝑎 increase will be more pronounced in 

the case of sulfuric acid, due to a higher degree of dissociation (n=1), as opposed to 

monoprotic acids. Eq. 8 also suggests that dissociation constants of acids will increase as an 

effect of the higher ionic strength of the reaction medium given by the dissociation of new 

acidic species such as acetic acid and formic acid formed during decomposition of glucose. 

Anyway, it can be argued that the slight increase of pKa due to changes in ionic strengths of 

reaction solutions will be levelled out by the effect of water. Moreover, the variation of 

temperature during the reaction will also imply a change of 𝐾𝑎. The definite integral of the 

Van ‘t Hoff equation (eq. 9) calculated between 𝑇1 and 𝑇2 allows to estimate the dissociation 

constant 𝐾𝑎
"  at a given 𝑇2, when the variation of enthalpy associated to the process (𝛥𝐻, 
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assumed as being constant) and the value of equilibrium constant 𝐾𝑎
′  at a temperature 𝑇1 are 

known. 

𝑙𝑛
𝐾𝑎
"

𝐾𝑎′
=
𝛥𝐻

𝑅
(
1

𝑇1
−
1

𝑇2
) (𝟖) 

Variations of enthalpy 𝛥𝐻 for the dissociation in water of all acids included in this study are 

negative,[215] i.e. their dissociation is a strongly exothermic process. Hence, an increase in 

temperature will lead to a decrease of the dissociation constant; the effect will be more 

pronounced on acids with very negative enthalpy of dissociation in water and greater 𝐾𝑎, 

such as HCl, HBr and HI (Table 8). The reduction of 𝐾𝑎 due to increase of temperature greatly 

surpasses the slight increase as an effect of the ionic strength of the solutions.  

Table 8 Enthalpies of dissolution of H2SO4, HNO3, HCl, HBr, HI in water, their dissociation 
constants at 298 K and their estimated dissociation constants at 473 K. 

𝛥𝐻° [kJ mol-1] 𝐾𝑎,(298 𝐾)
′  𝐾𝑎,(473 𝐾)

"  

-33.4 2.82 102 2.43 10-5 

-71.76 1.00 103 2.24 10-8 

-57 1.00 106 2.03 10-10 

-65 1.00 109 6.14 10-14 

-62 3.16 109 3.04 10-14 

 

Table 8 shows that nitric acid and sulfuric acid are less effected than halohydric acids from 

the shift of equilibrium due to increased temperature and therefore should have a behave as 

better acid catalysts. However, this is not observed in the before mentioned scales of 

conversion of glucose and product yields. The reason for experimental difference between 

yields is not entirely explained by the strength of the acids employed and other factors must 

play a role in different ability of each acid anion to catalyze the four reactions, such the 

interaction of anions in the transition states of the conversion reactions. 

The mechanism hypothesized by Harris for the acid-catalyzed isomerization of glucose 

includes two possible transition state structures, both satisfying the observed 

stereochemistry. The first is a 1,2-hydride shift with a three-member ring between C1, C2 
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and a hydrogen atom, with a partial positive charge. The second is a 1,2 enediol structure 

with a proton that is partially associated with the π orbital. In both cases, the transition state 

is stabilized by a negatively charged counterion.[67] Qualities such as a good nucleophile 

character and a stronger basicity may improve the stabilization of the anion on the transition 

state, pushing the isomerization towards the formation of fructose. Based on the pKa of 

acids,[216] the strengths of conjugated bases can be graded from the highest to the lowest 

as follows: 

𝑁𝑂3
− > 𝐻𝑆𝑂4

− > 𝐶𝑙− > 𝐵𝑟− > 𝐼− 

Basicity is linked to nucleophilicity when considering atoms on the same row of the periodic 

table. Ion size is another very important parameter to define the nucleophilicity of anions in 

water, because bigger ions are less shielded by solvation shells than smaller ones and 

therefore more nucleophile.[217] Atomic radii and bond lengths of the ions involved are 

listed as follows from longer to shorter:[218], [219] 

𝑆 − 𝑂 > 𝐼− > 𝑁 − 𝑂 > 𝐵𝑟− > 𝐶𝑙− 

These two scales show discordant and often contrasting properties. This contrast is reflected 

on the glucose conversion values in function of each anion. The high conversion of glucose 

caused by hydroiodic acid and sulfuric acid suggest that bulkier anions provide better 

stabilization on the positively charged transition state. However, chloride ion, the next in the 

series after I- and HSO4-, precedes bromide, suggesting that in this case a stronger basic 

character of Cl- prevails over Br- larger ionic radius (and better nucleophile qualities) in the 

stabilization of the transition state. Nitric acid glucose conversion is exceptionally low, in 

contrast with what could be expected by both basicity and ion size. The exceptional character 

of nitric acid is also found in the next three series of yields and it will be discussed later in 

this subsection.  

The series of yields, which are relative to fructose conversion to HMF as functions of the 

employed acid, perfectly mirrors the first series. Among the several studies that have 

investigated the influence of anions in hydrothermal conversion of mono- and 

disaccharides,[220]–[226] there is large consensus about the positive effect played by anions 

such as halides in the HMF formation, particularly in presence of bromide ions rather than 
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chloride and iodide.[225]–[228] These findings are in good agreement with what we 

observed by comparing HMF yields in function of different acids used. Körner et al. reported 

the different ability of various anions to catalyse fructose dehydration to HMF and explained 

that good leaving group qualities effect a strong acceleration in the reaction, provided that 

they also are good and small nucleophiles. In fact, the study suggested that good nucleophiles 

could increase the rate of the first dehydration of fructose (occurring on C2-OH) by 

substituting the hydroxyl group and forming a Fru-X intermediate that can undergo further 

elimination reaction, with an overall acceleration of the process, provided that the –X group 

is also a good leaving group.[220] HMF, though, acts as an intermediate before the 

bifurcation point in the reaction pathway that connects glucose to either LevA (and FA) or 

HT carbon. The poorer HMF yield is, the higher LevA, FA and HT carbon yields are, with the 

only exception of 𝑌𝐻𝑇𝐶(𝐻𝑁𝑂3). Therefore, it is not possible to conclusively establish whether 

what we observed here is the different ability to enhance the fructose conversion to HMF or 

to decrease its final yield by promoting further conversion. LevA and FA yields are higher 

than HT carbon yields and often exceeds the yields obtained from glucose after 12 h in 

uncatalyzed conditions. This proves, once more, that HMF rehydration to LevA and FA is 

more strongly dependent on pH than HT carbon formation. 

Finally, the notable abnormal behaviour of nitric acid should be most probably ascribed to a 

few reasons that make this acid stand out among the others. Poor glucose conversion and 

HMF yield may be consequences of nitrate ion being a bad nucleophile and a bad leaving 

group, as hypothesized by Körner.[220] Moreover, nitric acid oxidizing power can deviate 

the reaction pathway from the usual one, oxidizing HMF thus blocking the LevA formation 

and pushing HMF conversion towards polymerization reactions, as showed by the unusual 

high yields of HT carbon. 
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Scheme 7 Two possible transition states hypothesized by Harris for the glucose isomerization 

to fructose. In both cases the stabilizing effect of the conjugate base of the acid is highlighted. 

 

Atmosphere and pressure 

Figure 4c shows the product yields from hydrothermal conversion of fructose in air, CO𝟐 

and N2 atmosphere at two different pressure levels (1 bar and 2 bar). The purpose of this 

series of experiments was to study the possible effect of overpressure on the hydrothermal 

conversion of fructose, as well as to evaluate the possible chemical interaction between feed 

gas and liquid phase. As for the chosen feed gases, nitrogen gas was employed in order to 

provide a purely inert atmosphere as opposed to normal air, which is oxidizing effect, due to 

its O2 content. This effect is already exploited for the decontamination of wastewaters 

through hydrothermal wet oxidation, a process that allows to break down large molecules 

into small carboxylic acid such as formic acid and acetic acid.[229] CO𝟐 was chosen because 

of its ability to dissolve in water and serve as weak acid catalyst. In fact, considering the 

current atmospheric concentration of CO2 in atmosphere of 400 ppm,[230], the pH of an 

aqueous solution exposed to atmosphere can be calculated by means of Henry’s law and 

dissociation constant of CO2 in water 

𝐶𝑂2 (𝑎𝑞) ⇌ 𝐻(𝑎𝑞)
+ + 𝐻𝐶𝑂3 (𝑎𝑞)

−  (𝟗) 
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Given Henry’s constant 𝑘𝐻
𝑜  for CO2 in water at 25 °C is 0.034 ml kg-1 bar-1 [231] and the pK 

for the above indicated equilibrium of acidic dissociation of solvated CO2 in water is 

6.352,[232] it follows that an aqueous solution exposed to atmosphere will have a pH of 5.6. 

It can be calculated in the same way that an aqueous solution will have a pH of 3.9 in 1 bar 

of CO2 and a pH of 3.7 in 2 bar of CO2. 

It must be noted that the other gaseous species involved in this section of the study, N2 and 

O2 are very poorly soluble in water in the range of temperatures and pressures considered 

here; CO2 is slightly more soluble in water than N2 or O2, but its solubility decreases at higher 

temperatures.[233], [234] Although fructose conversion in this system always proceeds to 

completion, the overall yield of soluble products is higher at higher pressure under all three 

atmospheres (Table 9). However, the ratio of the individual yields changes with different 

feed gas. Highest HMF yields are achieved in air atmosphere. HMF and FA yields slightly 

increase in air at 2 bar, whereas AA yields remain basically unchanged. In CO2 atmosphere, 

HMF yields do not exceed 6% at both pressure values. FA yield increase as the pressure raise, 

while FA yield decrease. These results confirm the hypothesis of CO2 mildly acidifying the 

reaction medium and thus causing an increment of acid-catalyzed FA and a decrease of base-

catalyzed lactic acid formation, a precursor of AA. Yields in nitrogen atmosphere are quite 

similar to those achieved in air. Finally, it is also interesting to notice a strong imbalance 

between FA and hardly detected LevA. LevA was always detected in extremely low 

concentrations, below quantification limits, except for one case (N2, 1 bar), where in theory 

it should be present in similar concentration to those of FA. This observation once again 

suggests the existence of alternative synthetic routes to FA as well as the possibility of free 

LevA being consumed by adsorption or chemical bonding to HT carbon. 

Chemical structure and morphology of hydrothermal carbon 

The second part of this study is focused on the impact of reaction time and synthesis pH on 

the morphology and chemical structure of HT carbon. 
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Table 9 Product yields of hydrothermal conversion of fructose versus feed gas (air, CO2, N2) 

and pressure at 200 °C for 2 h. 

atmosphere Pressure 

(bar) 

FA 

(mol 

%) 

AA 

(mol 

%) 

LevA 

(mol 

%) 

HMF 

(mol 

%) 

air 

1 7.7 ± 

0.2 

9 ± 1 
0[a] 

10.5 

±0.4 

2 8.1 ± 

0.3 

9 ± 2 0[a] 12 ± 1 

CO2 

1 9.1 ± 

0.7 

12 ± 2 0[a] 6 ± 2 

2 12 ± 3 9 ± 3 0[a] 6 ± 2 

N2 

1 7.80 ± 

0.02 

10.5 ± 

0.6 

0.172 

±0.004 

9.1 ± 

0.5 

2 8.7 ± 

0.4 

12.6 ± 

0.9 

0[a] 9 ± 1 

[a] below quantification limit 

Reaction time 

SEM micrographs and histograms of HT carbon particles size distribution are shown in 

Figure 8. These pictures show a very rapid increase of the average diameter from 3 to 4 h 

(0.86 μm to 1.81 μm). In this phase, relatively low amounts of HMF formed from fructose in 

uncatalyzed conditions and short reaction time (Figure 4a) produce smaller particles with 

a narrow distribution of sizes. Afterwards, from 6 to 12 h, the average diameter fluctuates 

from 1.4 μm to 1.7 μm. At the same time, we can observe a substantial broadening in the 
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particle size distributions. This phenomenon can be ascribed to a process of coalescence of 

smaller particles. In fact, in these later stages the particles start to fuse into each other 

forming big agglomerates. In the meantime, last remnants of polymer precursors (HMF 

above all) are consumed to produce new, smaller particles. Thus, the particle size 

distribution broadens, reaching a bimodal distribution after 12 h, while the average size 

stays relatively unchanged.  

 

Figure 7 Solid state 13C CP-MAS spectra of hydrothermal carbon derived from fructose at 

increasing reaction time. Signals highlighted in the range between 0 ppm and 50 ppm belong 

to aliphatic carbons.  Signals between 100 ppm and 160 ppm belong to sp2 carbon atoms in 

furan and arene structures. 

Figure 7 shows the 13C CP-MAS spectra of fructose-derived hydrothermal carbon in 

uncatalyzed conditions. Three main regions can be identified: signals at 𝛿 < 50 ppm belong 

to aliphatic carbons, whereas signals 100 ppm < 𝛿 < 160 ppm refer to aromatic or 

unsaturated carbons and finally signals at 𝛿 > 170 ppm belong to carbonyl groups. The same 

profile is roughly recognizable on each spectrum, with broad peaks that point out to a  
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Figure 8 SEM pictures of HT carbon obtained from fructose at 3 hours (a), 4 hours (b), 6 hours (c), 12 hours (d) with the relative 

histograms of particles diameter. 
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complex structure with aliphatic chains, (hetero)aromatic moieties and many oxygenated 

functional groups (ketones, carboxylic acids, esters). Chemical shifts of the main peaks are 

listed in Table 10 with the relative assignments. Many spectral features are shared in all 

samples, particularly in the portion of 𝛿 > 170 ppm, suggesting that ketones, carboxylic and 

ester functionalities are common to all HCs and they undergo little to no modifications under 

prolonged reaction times. Unsaturated carbon atoms dominate the middle part of all spectra 

with peaks that point out to a complex structure with aliphatic chains. Two main signals 

falling at 151 ppm and 114 ppm can be assigned respectively to a Cα furan linked and a Cβ 

free furan. Alongside these two main peaks, we can trace the contributions of two minor 

peaks at 146 ppm and 121 ppm, identified as Cα free furan and linked furan Cβ respectively. 

These four signals, found in all samples, in absence of a strong peak around 125-129 ppm 

commonly identified as a marker of C6 aromatic moieties,[32], [235], [236] seem to suggest 

that furan units are prevalent in the chemical structure of fructose-derived HT carbons. As 

reaction time increases, linked Cβ signal becomes more intense and overlap with the free Cβ 

peak, resulting in a broader and smoother band. This behaviour can be explained as evidence 

of post-polymerization cross-linking or functionalization of furan moieties on the Cβ. Three 

signals found in the range between 50 ppm and 100 ppm belong to primary, secondary and 

tertiary aliphatic C atoms. The disappearance of the 16 ppm peak (primary C) is an evidence 

of chemical transformation in the HC due to extended exposure to the reaction medium. FT-

IR spectra of HT carbon show similar evolution through times, with disappearance of furfural 

aldehydic signal at long reaction times and a change in the aromatic structure, possibly due 

to cross-linking. 
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Table 10 Peak assignments solid state 13C NMR spectra 

𝛿 [ppm] Functional group Chemical formula 

210 ketone C=O 

181 acid, ester COOH/COOR 

151 Cα linked furan C=C-OH or C=C-O 

146 Cα free furan C=CH-O 

121 Cβ furan linked C=C-OH or C-C=C-O 

114 Cβ furan protonated HC=C-OH or C-HC=C-O 

43-39 aliphatic tert. C-H, quat. C 

31-25 aliphatic sec. –CH2- 

17-14 aliphatic prim. – CH3 

Figure 9 shows the FTIR spectra of fructose derived HT carbon at increasing reaction times. 

All spectra present some easily recognizable features, such as a broad intense band of O-H 

stretch centred around 3400 𝑐𝑚−1, C-H stretch between 2960-2880 𝑐𝑚−1 and characteristic 

peak of C-O deformation in furan rings at 1020 𝑐𝑚−1, confirming the structural motif of fused 

furan rings. A few peaks in the region between 1800 and 1500 𝑐𝑚−1need special attention: 

C=O stretch at 1700 𝑐𝑚−1and C=C stretch at 1610 𝑐𝑚−1. These two peaks are a proof of the 

presence of aromatic units and carbonyl groups in saturated aliphatic ketones. An additional 

peak at 1665 𝑐𝑚−1 has been identified as C=O vibration of an aldehyde group like that of 

HMF, albeit not without ambiguity. In fact, this signal has been interpreted as a proof of HMF 

absorbed on the surface of the carbon spheres.[237] Nonetheless it is more likely it belongs 

to free aldehyde groups of furan rings covalently bonded to the polymeric structure of 

carbon, as no other peak of absorbed species like LA or FA reported by Tsilomelekis et 

al.[237] was detected in this study. 6h and 12h HT carbon spectra show a relative decrease 

in the intensity of the 1665 𝑐𝑚−1  and 1510 𝑐𝑚−1, ascribed to furfural aldehyde group and 

furan ring stretch respectively, as well as a change in the 780-800 𝑐𝑚−1 band of vinyl C-H 

vibration. All these changes are compatible with an evolution of HT carbon towards a more 



55 
 

condensed structure where the reactive aldehyde group of furfural is consumed in 

condensation reactions and the furan ring is involved in cross-linking reactions. 

 

Figure 9 FT-IR spectra of hydrothermal carbon derived from fructose at increasing reaction 

time.  

Scheme 8 illustrates three examples of possible chemical modification occurring in HT 

carbon after polymerization, due to prolonged stay under hydrothermal conditions. 

Condensation and cyclization can explain the simultaneous decline in furfural aldehyde and 

primary carbon signals observed in 13C NMR and FT-IT spectra. 

More details about the polymerization process can be withdrawn from MALDI-ToF mass 

spectrometry (Figure 10). Fru-3h and fru-4h HT carbon mass spectra present five equally 

spaced groups of peaks at 655 m/z, 866 m/z, 1077 m/z, 1289 m/z and 1499 m/z 

respectively. Interpreting these signals as belonging to a family of oligomers, the distance 

between each peak will correspond to increment of mass upon addition of a new unit, thus 

making the five identified species the trimer, tetramer, pentamer, hexamer and heptamer 

(3x, 4x, 5x, 6x and 7x) respectively. The average increment of the mass charge ratio is 211.1 

m/z ± 0.4 m/z. Knowing that our system is rich in furan derivatives and ketoacids, we can 

reasonably assign this mass to a fragment with an empirical formula [C10H11O5]+. 
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Scheme 8 Reaction schemes of possible post-polymerization modification occurring on HT 
carbon based on 13C NMR and FT-IR spectra. 

By means of a simple mathematical formula (Eq. 10) , it is possible to calculate the degree of 

unsaturation of an organic compound  with such empirical formula. 

𝑑𝑒𝑔𝑟𝑒𝑒𝑠 𝑜𝑓 𝑢𝑛𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 =
2𝐶 − 𝐻 − 𝑋 + 𝑁 + 2

2
  

𝐶 = 𝑛. 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑎𝑡𝑜𝑚𝑠
𝐻 = 𝑛. 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑎𝑡𝑜𝑚𝑠
𝑋 = 𝑛. 𝑜𝑓 ℎ𝑎𝑙𝑜𝑔𝑒𝑛 𝑎𝑡𝑜𝑚𝑠

𝑁 = 𝑛. 𝑜𝑓 𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑎𝑡𝑜𝑚𝑠 (𝟏𝟎)

 

The result of this calculation is 5.5, indicating a high degree of unsaturation that is 

compatible with a structure composed of an unsaturated cycle linked aliphatic chains with 

carboxylic functionalities.  Although a more in-depth structural characterization of the family 

of fragments found in this study is needed for a definitive identification, these results show 

that exose-derived hydrothermal carbon might form through polymerization of a single 

chemical species. 
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Figure 10 MALDI-ToF mass spectra of fru-3h and fru-4h HT carbons showing evidence of 

oligomers with an average mass difference of 211 Da. 

As found in the analysis of the liquid phase, conversion of glucose is relatively slow and, at 

its highest point, HMF yield does not exceed 16%. This means that every polymerization 

process occurring on HMF is hindered by low concentration of the precursor. SEM 

micrographs and histograms of HT carbon particles size distribution are shown in Figure 

11. These pictures show a slow and steady increase of the average diameter from 4 to 12 

hours (0.137 μm to 0.355 μm). No HT carbon was recovered at 3 h. Therefore, nucleation 

occurs at a reaction time between 3 h and 4 h in a condition of low concentration of furan 

precursors, producing particles that are more than five time smaller than those obtained 

from fructose at the same time. As the reaction proceeds, concentration of furan species is 

kept low by slow rate of conversion of glucose and parallel consumption by rehydration, 

explaining the observed slow increase in size. Finally, it must be noted how relevant 

agglomeration of spheres becomes as the reaction time increase, as noted by Jung et al.[133] 
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Figure 11 SEM pictures of HT carbon obtained from glucose at 4 hours (a), 6 hours (b), 12 hours (c) with the relative histograms 

of particles diameter. 
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Figure 12 shows CP-MAS spectra of HT carbons obtained from glucose in neutral initial pH. 

All spectra share a very similar structure with those of HT carbons obtained from 

hydrothermal conversion of fructose in the same conditions. Broad peaks point out to 

structure rich in oxygenated functional groups. Three main regions of interest can be 

highlighted: aliphatic carbons signals (δ < 100 ppm), heteroaromatic moieties (100 ppm < δ 

< 170 ppm) and carbonyl groups (δ > 170 ppm). These profiles are in fact hardly 

distinguishable from those of the spectra of fructose derived HT carbons, proving that the 

two kinds of carbons must share a similar chemical structure, with abundant oxygenated 

groups (ketones, aldehydes, carboxyl), (hetero)aromatic moieties and aliphatic chains. This, 

in turn, is evidence supporting the idea of a common conversion pathway of glucose and 

fructose to HT carbon. 

 

Figure 12 Solid state 13C CP-MAS spectra of hydrothermal carbon derived from glucose at 
increasing reaction time. Signals highlighted in the range between 0 ppm and 50 ppm belong 
to aliphatic carbons.  Signals between 100 ppm and 160 ppm belong to sp2 carbon atoms in 
furanic and arene structures. 
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Figure 13 offers a different perspective on the same picture, showing FT-IR spectra of the 

same glucose-derived HT carbon samples. Again, all spectra present the easily recognizable 

features, such as a broad band of v(O-H) centred around 3400 cm-1, v(C-H) vibrations 

between 2960-2880 cm-1 and characteristic peak of C-O stretch in furan rings at 1020 cm-1, 

confirming the structural motif of fused furan rings. A few peaks in the region between 1800 

and 1500 cm-1 need special attention: v(C=O) at 1700 cm-1 and v(C=C) at 1610 cm-1. These 

two peaks suggest the presence of aromatic units (v(C=C)) and carbonyl groups (v(C=O)) in 

saturated aliphatic ketones. An additional peak at 1665 cm-1 may be identified as C=O 

vibration of an aldehyde group like that of HMF, possibly belonging to HMF-like ring 

covalently bonded to the polymeric structure of carbon. Further evidence of furan cycles 

come from a peak found at 1510 cm-1 belonging to furan stretching, and a couple of close 

peaks around 780-800 cm-1 identified as vinyl C-H vibration. Both these NMR and FT-IR 

spectra, as seen in the case of fructose, describe a coherent picture of a carbonaceous 

structure with furan cycles and aliphatic portion, possibly linking these cycles. 

Moreover, both sets of spectra evolve in the same way under the influence of increasing 

reaction time. Some peaks appear to be notably smoothened out by longer residence in the 

reactor medium, such as primary aliphatic carbons (NMR), free furan Cβ (NMR), furan ring 

stretching (FT-IR) and vinyl C-H vibration (FT-IR). On the other hand, some other peaks are 

enhanced by longer residence time, such as linked furan Cβ (NMR) and C=C and C=O 

stretching (FT-IR). Assuming that, like in the case of fructose derived HT carbons, these 

spectra belong to a disordered carbonaceous structure made of furan units connected by 

aliphatic linkers and rich in carbonyl and carboxyl groups, this set of modifications can be 

interpreted as a sign of cross linking between adjacent furan units or furan-aliphatic β-

linking. The resulting structure would allow less freedom of movement to the furan rings 

and would appear more extensively condensed, thus leading to the spectral differences 

described above. 
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Figure 13 FT-IR spectra of hydrothermal carbon derived from glucose at increasing reaction 
time. 

MALDI-ToF mass spectrometry of HT carbons exhibit some relevant features (Figure 14). 

Firstly, it shows the presence of large molecules in the mass-charge ratio range between 

1000 m/z and 1800 m/z, proving that the carbonization of glucose to HT carbon proceeds 

via intermediate formation of soluble oligomers. Secondly, it can be noted that the oligomeric 

species change substantially throughout reaction time. The variety of peaks observed in glu-

4h disappears in the later samples, pointing out to an extensive polymerization leading to 

consumption of oligomeric species. More interestingly, Glu-4h peaks at 995.6 m/z, 1163.6 

 m/z, 1329.6 m/z, 1494.4 m/z, 1660.3 m/z and 1829.3 m/z respectively are equally spaced. 

The average distance Δm/z between the six peaks equals 166.7 ± 0.7 m/z and all six peaks 

have mass/charge that are integer multiples of this value, meaning that the peaks belong to 

oligomers with a number of units ranging from 6 to 11. Maruani et al. detected, in similar 

conditions to this study, a family of glucose oligomers (Δm/z 162 Da) originating from 

glucose polymerization under hydrothermal conditions.[238] The mass increment of 162 Da 
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is quite close to the one observed here and the similarities between the two studies 

(hydrothermal conversion of glucose) might lead to think that we are in presence of glucose 

oligomers too. However, the observed masses and the mass increment itself do not match 

the ones observed by Maruani, making this interpretation unlikely. Poerschmann et al., on 

the other hand, reported several trace chemicals from hydrothermal conversion of fructose, 

glucose and xylose.[134] Among those, a molecule with a mass of 166 Da was found and its 

structure was identified as 1-(2-furyl)-1,4-pentanedione (Scheme 9). This species matches 

the mass of the fragment observed in MALDI-ToF very precisely; moreover, it would allow 

multiple self-aldol condensation, due to the presence of two carbonyl groups and six 

enolizable α-hydrogens on each monomer, explaining the presence of several oligomers. 

Moreover, it is structurally similar to the hypothetical monomer found in the MS analysis of 

fructose and both appear to be furfural or HMF derivatives. Its formation can be the result of 

a hydrolytic ring opening of a furan ring, as suggested by the presence of two ketone groups 

in γ position to each other. This mechanism of formation of oxygenated carbocycles species 

was also proposed by Shi as an explanation of several heteroaromatic oxygenated species in 

the reaction medium after hydrothermal carbonization of glucose.[136] At longer reaction 

time, only a small number of weak peaks are found in the mass spectra. Glu-6h spectrum 

presents two groups of peaks centred at 1068.8 m/z and 1289.4 m/z respectively. The latter 

appears as a group of five peaks, of which three are separated by a mass increment of ~16 

Da, suggesting different degrees of oxidation within the same oligomer. Finally, glu-12h 

presents two weak peaks at 1092.3 m/z and 1288.5 m/z.  
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Figure 14 MALDI-ToF mass spectra of glu-4h, glu-6h and glu-12h HT carbons. Glu-4h carbon 

shows evidence of oligomers with an average mass difference of 166 Da. 

 

Scheme 9 Tentative identification for the structure of the monomer with mass 166 Da, 
corresponding to the mass increment observed in glu-4h MALDI-ToF-MS fragments, as 
proposed by Poerschemann et al.[134] . 

The images of xylose HT carbons obtained with SEM (Figure 15) show the spherical 

morphology already observed in previous carbon samples. By comparison with fructose- 

and glucose-derived microspheres, it can be noticed that xylose microspheres tend to have 
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a more regular shape, with reduced tendency to form agglomerates or clusters, a 

characteristic that was also noted by Titirici.[31] The histograms below each micrographs 

report the distribution of particle size for each sample as well as their mean diameter and 

the standard errors. The size of the particles and the time scale of their evolution reflects the 

kinetics of xylose conversion to FF and seems to confirm, from the point of view of reactivity, 

the intermediate status of xylose, between fructose and glucose. In fact, xylose HT carbon 

particles, when compared with the analogous hexose derived particles at the same reaction 

time, are always smaller than fructose particles but larger than glucose ones. 

The chemical structure of xylose-derived HT carbons was investigated through 13C solid 

state NMR and infrared spectroscopy. Figure 16 and Figure 17 show the relative CP-MAS 

NMR and FT-IR spectra. Before entering in a deep analysis of the NMR peaks, it is necessary 

to make a clarification on the signals appearing in the 3 h sample in the rage between 50 ppm 

and 100 ppm. This is a region of aliphatic C-O bonds. The strength of the signals, 

overshadowing every other signal, suggests that they belong to unreacted xylose, largely 

present in on the HTC sample due to an incomplete washing of the unreacted precursor on 

the scarce carbon precipitate. Some weaker signals found in these regions in the 6 h and 12 

h samples can also be attributed to xylose in traces. Xylose-derived HTC present the same 

three main regions previously observed in HMF-derived HTC: sp3 carbons signals (δ < 100 

ppm), sp2 aromatic carbons (100 ppm < δ < 170 ppm) and sp2 carbonyl/carboxyl group (δ > 

170 ppm). The aliphatic region presents a large, intense band where the contribution from 

primary and secondary sp3 is less recognisable compared to the hexose-HTC spectra. The 

usual presence of aldehydes, ketones and carboxylic groups is confirmed by two signals in 

the range between 170 ppm and 210 ppm. Finally, the area around 100 ppm to 160 ppm is 

dominated by the furan sp2 signals. Two peaks located around 150 ppm and 110 ppm have 

been identified as belonging to furan’s Cα and Cβ respectively. A very distinctive peak is found 

around 125 ppm. This is generally identified as a signal of sp2 carbon in extended aromatic 

structures or long-range conjugated double bonds. The presence of this peak marks a 

difference with hexose-derived HT carbons. The difference must originate once again from 

the fact that xylose-derived carbon is based on FF instead of HMF. FF’s free C5 allows a series 

of reactions that are not possible in HMF and other 2,5-disubstituted furans. In particular, 
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the spontaneous resinification reaction of FF in air has been explained as a consequence of 

C5 hydrogen abstraction by O2 followed by radical attack on the aldehyde group;[239] 

alternatively, a nucleophilic attack of the 4-5 furan double bond on the aldehyde group, with 

a mechanism akin to aldol condensation, has been proposed as the responsible of the 

formation of soluble oligomers and insoluble resins in pure FF.[203] 

 

Figure 15 SEM pictures of xylose-derived HT carbon obtained at 4 hours (a), 6 hours (b), 12 

hours (c) in plain water at 200 °C with the relative histograms of particles diameter 
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It is reasonable to suppose that such mechanisms may occur during hydrothermal 

conversion of xylose, where the FF is exposed to much more severe conditions, leading to 

the formation of extended chains of conjugated furans that ultimately aggregate and 

precipitate to form carbon spheres.  

 

Scheme 10 Mechanisms of FF spontaneous resinification by nucleophilic addition to the 
aldehyde group.[203]  

 

Scheme 11 Mechanisms of FF spontaneous resinification by radical polymerization initiated 
by atmospheric oxygen.[239]  

 

Figure 17 shows FT-IR spectra of the xylose-derived HT carbon samples. Many spectral 

features are in common with previously observed fructose- and glucose-derived HT carbon, 
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such as three signals in the region between 1700 cm-1 and 1600 cm-1: two of them at 1695 

cm-1 and 1673 cm-1 are slightly overlapped and belong respectively to generic C=O stretching 

and furan-linked C=O stretching.[237] The latter disappears at 12 h possibly due to 

increased cross-linking. The third signal is found at 1612 cm-1 and belongs to aromatic or 

furan C=C stretching. A signal at 1460 cm-1 is characteristic of pentose-derived FF-based 

carbons and it can be interpreted as an aromatic stretching vibration.[240] A furan C-O 

stretching is observed at 1018 cm-1 and it is also common in all hexose and pentose 

carbons[241]. Finally, a couple of peaks at 883 cm-1 and 756 cm-1 are due to aromatic C-H 

out of plane vibration. The presence of these peaks marks another distinction with HMF-

based carbons and indicates the more aromatic nature of FF carbons. It is also interesting to 

notice that these last two signals are less intense in the 12 h HT carbon, possibly suggesting 

a decline in the number of aromatic C-H bond due to an increased cross-linking between 

furan units. 

 

 

Figure 16 Solid state 13C CP-MAS spectra of xylose-derived hydrothermal carbon in plain water 

at 200 °C at 3 h, 6 h and 12 h.  
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Figure 17 FT-IR spectra of xylose-derived hydrothermal carbon in plain water at 200 °C at 4 

h, 6 h and 12 h. 

The mass spectra obtained from MALDI-ToF analysis of xylose-derived carbons are showed 

in Figure 17 and a summary of the main peaks is found in Table 11. The relative scarcity of 

notable signals suggests that xylose-derived HT carbons are far less soluble in THF than 

fructose- and glucose-derived HT carbons. The sparse peaks on each spectrum do not allow 

to make solid conclusions about the chemical structure of these soluble polymers. It can be 

noted, however, that the masses greatly increase from 4 h to 12 h due to extended 

polymerization reactions. A mass difference between two consecutive peaks in the 6 h 

sample equals 212 m/z. Although it is not possible to know from these results whether these 

two peaks actually belong to two oligomers or rather to unrelated species, it must be noted 

that a similar Δm was found in the fructose derived soluble oligomers. This mass value points 

to a fragment with a molecular formula of [C10H12O5]+ that is compatible with the nature of 

the chemicals in the reaction medium. In particular, a chemical species with 10 carbon atoms 

might be the result of a dimerization of furfural. Following this hypothesis, it can be argued 
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that the xyl-4h peaks at 1068 m/z and 1280 m/z are, respectively, pentamer (5x) and 

hexamer (6x) form of the 212 Da monomer. 

 

Figure 18 MALDI-ToF mass spectra of XYL-4h, XYL-6h and XYL-12h HT carbons. 

Acid catalysis 

Micrographs show that particles formed from fructose in presence of acidic catalyst are 

much bigger than those obtained in the same amount of time in uncatalyzed conditions. They 

have an average diameter of 6.6 μm and a broader size distribution (Figure 19), as opposed 

to 0.85 μm (Figure 8a). The larger size of carbon particles depends on the availability of HMF 

at the time of their formation. In fact, by looking back at the HPLC data, it is apparent that 

while HMF synthesis has just reached its peak after 3 hours in uncatalyzed conditions, a high 

concentration of HMF was already available at earlier times due to acid catalysis and it has 

been completely converted to other products (LevA+FA or HT carbon) after 3 hours (Figure 

4b). HT carbon particles produced in these conditions have had more time and a higher 

concentration of HMF to grow in considerably larger size. 
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Table 11 Summary of MALDI-ToF MS peaks obtained from xyl-HTC at various reaction time. 

m/z Occurrence 

810 XYL-4h 

1044 XYL-4h 

1068 XYL-6h 

1280 XYL-6h 

1503 XYL-12h 

 

As for the chemical structure of these particles, there is no appreciable change in the 

chemical structure of HT carbon, indicating that acid plays no major role in the nucleation 

and growth process, apart from accelerating the formation of its primary building block, 

HMF. 

 

 

Figure 19 SEM pictures of HT carbon obtained from fructose at 3 hours and initial pH 1.5 
in presence of H2SO4 with the relative histogram of particles diameter. 

 

Figure 20 shows 13C ss-NMR and FTIR spectra of HT carbon samples derived from fructose 

at acidic synthesis pH (1.5) and fixed reaction time (3 hours). An NMR spectrum of a sample 
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of carbon obtained at 3 hours without catalyst is shown in comparison, to demonstrate that 

the chemical structure of the three sample is nearly identical. It consists in an aliphatic 

portion with primary, secondary, tertiary and quaternary carbon atoms, a large aromatic 

portion and ketones and carboxylic functionalities. On the other hand, FT-IR presents some 

minor differences. In fact, it can be observed that C=C stretch peaks are slightly higher than 

C=O peaks, whereas the two peaks have roughly the same intensity in “uncatalyzed” HT 

carbons. This characteristic has also been noted by Reiche et al. and it suggests that a lower 

pH promotes a more condensed structure where extended conjugated or aromatic systems 

prevail over oxygen-rich structures. Moreover, the absence of the C=O vibration of an HMF 

aldehyde group at 1665 𝑐𝑚−1 indicates that this group is very reactive at low pH and easily 

undergoes condensation reactions. 

 

 

 

(a) 
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(b) 

Figure 20 13C ss-NMR and FTIR spectra of HT carbon samples derived from fructose at 
acidic synthesis pH (1.5) and fixed reaction time (3 hours) 

 

Figure 21 SEM pictures of HT carbon obtained from glucose at 3 hours and initial pH 1.5 in 

presence of H2SO4 (a) and HNO3 (b). 
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Figure 22 Histogram of Glu-HTC-HCl-3h particles diameter. 

Addition of strong acids greatly accelerates the conversion of glucose in hydrothermal 

conversion, as seen in Figure 5b. Micrographs show that particles formed in presence of 

acidic catalyst are much bigger than those obtained in the same amount of time in 

uncatalyzed conditions. The average diameter of 5.9 μm is notably greater than that of 

uncatalyzed carbons and so is the size distribution. A larger availability of HMF at the time 

of spheres formation is most likely to be responsible for the increased diameters of carbon 

particles. The chemical structure of these particles, as shown by SS 13C NMR and FT-IR, NMR, 

does not present a relevant variation in comparison to the HT carbon from uncatalyzed 

conversions (Figure 23 and Figure 24). NMR spectra in particular seems very similar to the 

uncatalyzed counterpart, indicating that acid does not affect the chemistry of hydrothermal 

carbons and plays no major role in the nucleation and growth process, apart from 

accelerating the conversion of glucose and the formation of HMF. 
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Figure 23 Solid state 13C CP-MAS spectra of hydrothermal carbon derived from glucose in 

presence of acidic catalysts (H2SO4 and HNO3). Signals highlighted in the range between 0 ppm 

and 50 ppm belong to aliphatic carbons. Signals between 100 ppm and 160 ppm belong to sp2 

carbon atoms in furan and arene structures. NMR spectrum of 3h uncatalyzed carbon sample 

is show for comparison. 
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Figure 24 FT-IR spectra of hydrothermal carbon derived from glucose in presence of acid 

catalysts at 3 h. 
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Chapter 4 Kinetics study, conclusions and outlook 

Kinetic modelling of experimental data 

The experimental data gathered from HPLC, related to the concentration of species obtained 

by conversion of fructose, glucose and xylose as a function of reaction time, were modelled 

according three reaction networks showed below. 

Fructose hydrothermal conversion (Reaction network 1): 

𝐹𝑟𝑢 
𝑘1,𝐹
→   𝐻𝑀𝐹  (𝟏𝟏) 

 𝐻𝑀𝐹 
𝑘2,𝐹
→   𝐿𝑒𝑣𝐴 (𝟏𝟐) 

 𝐻𝑀𝐹 
𝑘3,𝐹
→   𝐻𝑇𝐶 (𝟏𝟑) 

 
𝑑[𝐹𝑟𝑢]

𝑑𝑡
= −𝑘1,𝐹[𝐹𝑟𝑢] (𝟏𝟒) 

 
𝑑[𝐻𝑀𝐹]

𝑑𝑡
= 𝑘1,𝐹[𝐹𝑟𝑢] − 𝑘2,𝐹[𝐻𝑀𝐹] − 𝑘3,𝐹[𝐻𝑀𝐹] (𝟏𝟓) 

 
𝑑[𝐿𝑒𝑣𝐴]

𝑑𝑡
= 𝑘2,𝐹[𝐻𝑀𝐹] (𝟏𝟔) 

 
𝑑[𝐻𝑇𝐶]

𝑑𝑡
= 𝑘3,𝐹[𝐻𝑀𝐹] (𝟏𝟕) 

 

Glucose hydrothermal conversion (Reaction network 2): 

𝐺𝑙𝑢 
𝑘1,𝐺
→   𝐻𝑀𝐹  (𝟏𝟖) 

 𝐻𝑀𝐹 
𝑘2,𝐺
→   𝐿𝑒𝑣𝐴 (𝟏𝟗) 

 𝐻𝑀𝐹 
𝑘3,𝐺
→   𝐻𝑇𝐶 (𝟐𝟎) 

 
𝑑[𝐺𝑙𝑢]

𝑑𝑡
= −𝑘1,𝐺[𝐹𝑟𝑢] (𝟐𝟏) 
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𝑑[𝐻𝑀𝐹]

𝑑𝑡
= 𝑘1,𝐺[𝐺𝑙𝑢] − 𝑘2,𝐺[𝐻𝑀𝐹] − 𝑘3,𝐺[𝐻𝑀𝐹] (𝟐𝟐) 

 
𝑑[𝐿𝑒𝑣𝐴]

𝑑𝑡
= 𝑘2,𝐺[𝐻𝑀𝐹] (𝟐𝟑) 

 
𝑑[𝐻𝑇𝐶]

𝑑𝑡
= 𝑘3,𝐺[𝐻𝑀𝐹] (𝟐𝟒) 

 

Xylose hydrothermal conversion (Reaction network 3): 

 𝑋𝑦𝑙 
𝑘1,𝑋
→  𝐹𝐹 (𝟐𝟓) 

 𝐹𝐹 
𝑘2,𝑋
→   𝐻𝑇𝐶 (𝟐𝟔) 

 
𝑑[𝑋𝑦𝑙]

𝑑𝑡
= −𝑘1,𝑋[𝑋𝑦𝑙] (𝟐𝟕) 

 
𝑑[𝐹𝐹]

𝑑𝑡
= 𝑘1,𝑋[𝑋𝑦𝑙] − 𝑘2,𝑋[𝐹𝐹] (𝟐𝟖) 

 
𝑑[𝐻𝑇𝐶]

𝑑𝑡
= 𝑘2,𝑋[𝐹𝐹] (𝟐𝟗) 

 

For all three reaction networks, reactions were assumed to be first order, as in Tan-

Soetedjo[242]. Moreover, AA was not included in these models for homogeneity, as it was 

not detected among the products of glucose conversion and only sparsely detected among 

the products of xylose conversion. 

The reaction rates as well as the reaction rate constants are showed in Table 12. The reaction 

rate constants 𝑘1,𝐹, 𝑘1,𝐺 and  𝑘1,𝑋, relative to the degradation reactions of fructose, glucose 

and xylose, were obtained by linear fit of the logarithm of the experimental data versus time 

with the method of the least squares. The coefficients of determination R2 for 𝑘1,𝐹, 𝑘1,𝐺 and  

𝑘1,𝑋 were 0.6966, 0.7113 and 0.7545. The value of 𝑘2,𝐹 + 𝑘3,𝐹 was obtained by linear fit of 

logarithm the HMF experimental data versus time, with a coefficient of determination R2 of 



78 
 

0.6633; subsequently, single values of 𝑘2,𝐹 and 𝑘3,𝐹  were obtained by inserting 𝑘2,𝐹 + 𝑘3,𝐹 in 

the expressions of reaction rates for LevA and HTC calculated at different reaction times and 

averaging the results. The reaction rate constants 𝑘2,𝐺 and 𝑘3,𝐺  were obtained in the same 

way (with 𝑘2,𝐺 + 𝑘3,𝐺 R2= 0.9693). Finally, 𝑘2,𝑋 was obtained by linear fit of logarithm the FF 

experimental data versus time, with a coefficient of determination R2 of 0.9530. Low 

coefficients of determination found in some cases are to be ascribed to the small set of 

experimental data rather than inaccuracy of the models, as the reaction networks used to 

model experimental data were tested before in previous works.[98], [133], [243]   Despite 

this, reaction rate constants are in agreement with previous studies[98], [243] and outline a 

picture that is coherent with the observations made in the previous chapter. In this picture, 

among sugar dehydrations, fructose exhibits the highest reaction rate constant, followed by 

xylose and glucose. The reaction rate constants of HMF rehydration to LevA and HTC 

formation found from fitting of fructose and glucose data are in good agreement with each 

other, thus proving the validity of the models. Finally, the reaction rate constant associated 

with the formation of furfural-derived HTC appears to be lower than that of HMF-derived 

HTC, seemingly suggesting a slightly higher stability of FF, although the associated 

uncertainties do not allow to give a conclusive answer. 
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Table 12 Summary of reaction rates of reaction network 1, 2 and 3 and their relative estimated reaction rate constants 

 Reaction rates Reaction rate constants [s-1] Standard error [s-1] 

Reaction 

network 1 

(fructose) 

𝐶𝐹𝑅𝑈(𝑡) =  𝑐0,𝐹𝑒
−𝑡 𝑘1,𝐹  

𝐶𝐻𝑀𝐹(𝑡) =  
𝑐0,𝐹𝑘1,𝐹

𝑘1,𝐹 − 𝑘2,𝐹 − 𝑘3,𝐹
[𝑒−𝑡(𝑘2,𝐹+𝑘3,𝐹) − 𝑒−𝑡 𝑘1,𝐹] 

𝐶𝐿𝑒𝑣𝐴(𝑡) =
𝑐0,𝐹𝑘2,𝐹
𝑘2,𝐹 + 𝑘3,𝐹

−
𝑐0,𝐹𝑘2,𝐹

(−𝑘1,𝐹 + 𝑘2,𝐹 + 𝑘3,𝐹)(𝑘2,𝐹 + 𝑘3,𝐹)
[−𝑘1,𝐹𝑒

−𝑡(𝑘2,𝐹+𝑘3,𝐹) − (𝑘2,𝐹 + 𝑘3,𝐹)𝑒
−𝑡 𝑘1,𝐹]  

𝐶𝐻𝑇𝐶(𝑡) =
𝑐0,𝐹𝑘3,𝐹
𝑘2,𝐹 + 𝑘3,𝐹

−
𝑐0,𝐹𝑘3,𝐹

(−𝑘1,𝐹 + 𝑘2,𝐹 + 𝑘3,𝐹)(𝑘2,𝐹 + 𝑘3,𝐹)
[−𝑘1,𝐹𝑒

−𝑡(𝑘2,𝐹+𝑘3,𝐹) − (𝑘2,𝐹 + 𝑘3,𝐹)𝑒
−𝑡 𝑘1,𝐹]  

 

𝑘1,𝐹  7.6 · 10-5 

𝑘2,𝐹 1.4 · 10-5 

𝑘3,𝐹 4.3 · 10-5 

 

2.4 · 10-5 

6.6 · 10-6 

2.7 · 10-5 

Reaction 

network 2 

(glucose) 

𝐶𝐺𝐿𝑈(𝑡) =  𝑐0,𝐺𝑒
−𝑘1,𝐺 𝑡 

𝐶𝐻𝑀𝐹(𝑡) =  
𝑐0,𝐺𝑘1,𝐺

𝑘1,𝐺 − 𝑘2,𝐺 − 𝑘3,𝐺
[𝑒−𝑡(𝑘2,𝐺+𝑘3,𝐺) − 𝑒−𝑘1,𝐺 𝑡] 

𝐶𝐿𝑒𝑣𝐴(𝑡) =
𝑐0,𝐺𝑘2,𝐺
𝑘2,𝐺 + 𝑘3,𝐺

−
𝑐0,𝐺𝑘2,𝐺

(−𝑘1,𝐺 + 𝑘2,𝐺 + 𝑘3,𝐺)(𝑘2,𝐺 + 𝑘3,𝐺)
[−𝑘1,𝐹𝑒

−𝑡(𝑘2,𝐹+𝑘3,𝐹) − (𝑘2,𝐹 + 𝑘3,𝐹)𝑒
−𝑘1,𝐹 𝑡]  

𝐶𝐻𝑇𝐶(𝑡) =
𝑐0,𝐺𝑘3,𝐺
𝑘2,𝐺 + 𝑘3,𝐺

−
𝑐0,𝐺𝑘3,𝐺

(−𝑘1,𝐺 + 𝑘2,𝐺 + 𝑘3,𝐺)(𝑘2,𝐺 + 𝑘3,𝐺)
[−𝑘1,𝐹𝑒

−𝑡(𝑘2,𝐹+𝑘3,𝐹) − (𝑘2,𝐹 + 𝑘3,𝐹)𝑒
−𝑘1,𝐹 𝑡]  

 

𝑘1,𝐺  1.8 · 10-5 

𝑘2,𝐺 1.7 · 10-5 

𝑘3,𝐺 7.7 · 10-5 

 

5.7 · 10-6 

7.8 · 10-6 

1.7 · 10-5 

Reaction 

network 3 

(xylose) 

𝐶𝑋𝑌𝐿(𝑡) =  𝑐0,𝑋𝑒
−𝑘1𝑋 𝑡 

𝐶𝐹𝐹(𝑡) =  
𝑐0,𝑋𝑘1,𝑋
𝑘1,𝑋 − 𝑘2,𝑋

[𝑒−𝑡 𝑘2,𝑋 − 𝑒−𝑡 𝑘1,𝑋] 

𝐶𝐻𝑇𝐶(𝑡) =  𝑐0,𝑋 −
𝑐0,𝑋

−𝑘1,𝑋 + 𝑘2,𝑋
[−𝑘1,𝑋𝑒

−𝑡 𝑘2,𝑋 + 𝑘2,𝑋𝑒
−𝑡 𝑘1,𝑋] 

 

𝑘1,𝑋 3.9 · 10-5 

𝑘2,𝑋 3.7 · 10-5 

 

1.1 · 10-5 

4.5 · 10-6 
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Conclusions and outlook 

The aim of this thesis was to elucidate the mechanisms of hydrothermal conversion of sugars 

and understand how different reaction parameters affect the yields of conversion of water-

soluble products and the chemistry and morphology of HT carbon. 

The three monosaccharides chosen for this study were fructose, glucose and xylose. Glucose 

is a model molecule to understand the mechanism of cellulosic biomass conversion. Fructose 

is strictly related to glucose and, according to current understanding of hydrothermal 

carbonization mechanisms, isomerization of glucose to fructose is a supposedly obliged step 

of the glucose conversion. Therefore, fructose allows to evaluate the reactivity of a hexose in 

a simplified model that skips the isomerization step. Xylose, instead, was chosen to model 

the behaviour of C5 sugars-containing hemicellulose. 

All three monosaccharides were tested in plain water against increasing reaction time (2-12 

h), in order to trace a profile of how soluble and insoluble product yields evolve through 

time. Fructose and glucose conversions were also tested in presence of strong acid catalysts 

(sulfuric acid, nitric acid, hydrochloric acid, hydrobromic acid and hydroiodic acid) at a fixed 

reaction time (3 h) and an initial pH value of 1.5 in order to differentiate the contribution of 

acid catalysis on a ketose and an aldose. Finally, the hydrothermal reactivity of fructose was 

also tested in presence of different headspace feed gas (air, N2 and CO2), each one at two 

levels of pressure (1 bar and 2 bar). 

Fructose conversion in hydrothermal conditions proved to be relatively fast. Complete 

conversion in plain water is achieved after 3 h. HMF yields peaks at 3 h reaching a value of 

52.7% and declines very fast, disappearing from the reaction medium after 4 h. Its decline is 

connected to the appearance of LevA, FA and HT carbon. 

No unreacted fructose and no HMF were detected when the experiments were performed in 

presence of strong acids and a strong increase in the LevA and FA was observed. On the 

contrary, HT carbon yields were similar to those observed, suggesting that HMF rehydration 

to LevA is more pH-dependent that HT carbon formation. Also, notably, the nature of the acid 
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employed as catalyst does not seem to have a great impact on the product yields, indicating 

that fructose and HMF are too reactive to appreciate any anion effect in their conversion.  

Pressure experiments demonstrated that a slight increase in the starting pressure leads to 

an increase in the total yields; moreover, a CO2 atmosphere causes the same changes in the 

product yields observed with strong acids, that is a decrease of HMF and an increased 

production of LevA and FA, proving to act as a weak acid catalyst. 

Fructose-derived HT carbon shows the well-known morphology of carbon spheres and, from 

a chemical point of view, it is composed of heteroaromatic structures and aliphatic linkers 

with abundant ketone and carboxylic functionalities. The increase of reaction time leads to 

some structural changes, such as evidences of cross-linking between furan units and a more 

condensed character. From a morphological point of view, this is reflected to a growth in the 

particle diameter and an extensive agglomeration of particles. Acid catalysis does not affect 

the chemical structure of the particle but it leads to a great increase of their average 

diameter. MALDI-ToF mass spectrometry of the THF-soluble fraction of HT carbon showed 

the existence of a group of oligomers in a mass range between 600 Da and 1500 Da with a 

regular mass increase 211 Da. This finding suggest that insoluble HT carbon may originate 

from the growth and precipitation of HMF-derived polymers with a well-defined structure. 

Glucose hydrothermal conversion observed as a function of reaction time clarifies that 

glucose conversion in plain water is comparatively much slower than fructose conversion. 

Complete conversion is achieved after 6 h and the highest yield of HMF (15.9%) is found at 

4 h. Since fructose is detected as a product in this conversion, these observations confirm 

that glucose dehydration proceeds via a slow step of isomerization to fructose. The extra step 

of conversion required by glucose can be appreciated by addition of strong acid catalysts. In 

this case, in fact, besides the obvious acceleration of glucose conversion in presence of strong 

acids, we were able to observe differences in product yields among different acids, as an 

effect of the anion. Larger anions, with better leaving group qualities such as sulfate or iodide 

led to a greater glucose conversion, suggesting that anions might play a role in stabilizing or 

destabilizing the transition states in the dehydration reaction. 
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Glucose-derived HT carbon appears to be morphologically and structurally very similar to 

fructose HT carbon; moreover, they show a similar evolution in function of reaction time to 

a more condensed and cross-linked structure. The smaller mean diameter of the particles is 

consistent with the hypothesis that the rate of particle growth is connected to HMF 

concentration. As further evidence to support this hypothesis, glucose-derived HT carbon 

particles in presence of acid catalyst have a diameter that is similar the fructose-HT particles 

obtained in analogous conditions. MALDI-ToF analysis revealed again the presence of a 

family of oligomers in a mass range of 1000 Da to 1800 Da. A comparison with previous 

literature allowed for a tentative identification of the monomer. The hypothetical structure 

is similar to the one identified from fructose HT carbon whose structure is compatible with 

FT-IR and NMR spectra and similar to the hypothetical monomer identified in hydrothermal 

conversion of fructose. 

The study of xylose conversion in plain water highlights that the structural differences of this 

sugar with the two hexoses previously studied has a profound impact on its reactivity and 

the properties and behaviours of the related products. Xylose conversion is kinetically 

slightly faster than glucose and slower than fructose. The reduced presence of other chemical 

species also indicates that FF, the dehydration product of xylose, is a less unstable and 

reactive molecule than HMF. HT carbon also forms in lesser amount. As a consequence, FF 

has a more pronounced tendency to accumulate in the reaction medium when compared to 

HMF. 

Microscopic observations of the xylose-derived HT carbon show that the carbon spheres 

appear to be more regular and with a reduced tendency to agglomerate at longer reaction 

times. Investigations on the chemical structure of this HT carbon shows many similarities 

with C6 sugars-derived HT carbons and an important difference: a more condensed character 

that can be ascribed to a free furfural Cα making a ring-ring coupling possible, with the 

formation of an extensive conjugated system. MALDI-ToF mass spectrometry of this material 

showed some large molecules in the mass range between 800 Da and 1500 Da. 

The results of this study clarify the chemical relationship between glucose and fructose in 

hydrothermal conditions. Glucose and fructose belong to the same chemical pathway. The 



83 
 

modelling of experimental data confirms that glucose conversion is kinetically slower than 

fructose conversion. The reason of this lies in the isomerization step of glucose to fructose, a 

kinetically slow step that hinders glucose conversion and all subsequent transformations. 

This step is catalysed by acids and anions can contribute to stabilization of transition states.  

Fructose and HMF are relatively unstable and fast reacting species, particularly in acidic 

conditions. Among the two main HMF-consuming reactions, rehydration to LevA is more 

dependent to pH than HT carbon formation. These findings confirm previous studies and 

suggest future directions to investigate in order to furtherly optimize the process of biomass 

conversion. If HMF is the target molecule, a multi-stage hydrothermal conversion of cellulose 

that divides the process in cellulose hydrolysis to glucose, glucose isomerization to fructose, 

followed by fructose dehydration to HMF, might be a way to maximize yields and thus 

compensate for the rise of production costs. LevA production might allow a less strict control 

of the reaction phases, due to the greater chemical stability of this species, but the formation 

of HT carbon as unwanted by-product should be kept in control. In any case, the choice of 

adequate acid catalyst for each phase of the conversion is extremely important: this study 

showed the combination of a weak acid like CO2 and a pressurized environment could have 

a beneficial effect in terms of sugar conversion and more research should be dedicated to 

this topic. Finally, it is advisable to focus more attention in future research on the importance 

of other secondary reaction pathways such as retro-aldol condensation of sugars, with 

formation of C2, C3 C4 saccharides and subsequent oxidations or rearrangements, on the 

overall conversion of C6 and C5 saccharides. 

The results of morphological and structural analysis of fructose, glucose and xylose are in 

good agreement with previous studies on this topic, but they also underline a probably 

overlooked aspect of this material, that is its tendency to evolve in time under the effect of 

prolonged exposure to reaction conditions. Future development of industrial or energetic 

applications for this material should hold this aspect in consideration, in the perspective of 

a fine tuning of HT carbon chemical properties. 

Moreover, the identification of groups of oligomers with a repetitive chemical structure is a 

promise for a definitive and unambiguous identification of the chemical structure of HT 

carbon, which, in turn, will potentially allow for a stricter and more tailored control of its 
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chemical and physical properties. Of course, more research is needed in this direction.  

Tandem mass spectrometry can be employed to identify the real chemical structure of these 

oligomers. Furtherly, once the chemical structures of the oligomers and the monomer are 

known, the existence of a real causal relationship between these species and HT carbon 

should be assessed. A comparison between an empirical formula of HT carbon, obtained 

from elemental analysis data and the chemical structure of the monomer would show if the 

former can be interpreted as a polymeric form of the latter. Moreover, a laboratorial 

synthesis of the supposed monomer and its exposure to hydrothermal conditions should 

clarify if there is an actual formation of HT carbon-like materials. 

In the perspective of translating the information gathered in the present study to more 

complex matrices such as real biomass, we must consider the possibility of interaction 

between different sugars in the reaction medium. In principle, it is possible to hypothesize 

of some sort of interaction and cross-condensation that could potentially decrease the yield 

of conversion to more desirable products such as HMF and levulinic acid. A study on the 

impact of a cross-condensation reactions between glucose and fructose was covered in two 

independent studies, by Tan-Soetedjo and Steinbach.[63], [242] In the study by Tan-

Soetedjo, an equimolar mixture of glucose and fructose was subject of hydrothermal 

conversion, whereas Steinbach calculated the amount fraction of products in a mixture by 

combining the results obtained by independent hydrothermal conversion of glucose and 

sucrose. Both theoretical and experimental results showed that hydrothermal conversion of 

sucrose can be described by the conversion of glucose and fructose behaving independently 

from each other and cross-reactions do not take place to a considerable extent. These results 

are promising as they suggest that that no significant interaction will take place between 

other sugars in hydrothermal conditions. This hypothesis however needs to be verified by 

experimental observations, especially in the perspective of hydrothermal of real biomass, 

where a mixture of different sugars is very likely to form in the reaction medium. 

From the point of view of reaction times, an investigation on hydrothermal conversion of 

more complex substrates like polysaccharides or real biomass would see all reaction steps 

described in this study shifted to larger times. In fact, hydrothermal conversion of real 

biomass will require the hydrolysis of large bundles of polymeric fibres. Lu and Berge 
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showed than predicting properties of hydrothermal products based on the feedstock 

composition only provides satisfactory results in few cases, like energy content of solid 

products.[244] Other properties, such as functional groups, are much more influenced by 

increasing complexity of the substrate and are not very well predicted by the sum of 

individual components. It is probable that some of the deviations of physical or chemical 

properties from those derived from pure compounds arises from the hindered access of 

water to large bundles of fibres, triggering pyrolysis reactions that greatly change the 

chemistry of the system. Starch for example, among the polymers of glucose, when subject 

of hydrothermal treatment, behaves in a similar way to its monomer,[31], [240] producing 

carbon spheres that are very close in morphology and chemical structure to those obtained 

by hydrothermal carbonization of glucose. Cellulose, on the other hand, due to its insolubility 

in water and extended and compact crystalline structure, only undergoes heterogeneous 

hydrolysis on the surface of fibres that are in contact with the water medium; the inner part 

of the fibres which is not exposed to water, undergoes pyrolysis.[49] Paksung compared the 

behaviour of microcrystalline cellulose and alpha cellulose and  demonstrated that a higher 

degree of polymerization of cellulose is a major hindrance to the heterogeneous hydrolysis 

of cellulose.[245] Therefore it is advisable, in order to more easily translate the information 

gathered on hydrothermal carbonization of pure saccharides, to design a multi-steps process 

where depolymerization and hydrolysis are treated separately from dehydration reactions. 
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Chapter 5 Experimental methods 

Preparation of aqueous and solid samples 

D-(+)-glucose (99.5%), D-(-)-fructose (99%), D(+)-xylose (99%) levulinic acid (98%), formic 

acid, 5-hydroxymethyl-furfural (99%), Furfural (99%), sulfuric acid (98%), nitric acid 

(65%), hydrobromic acid (48%) and hydroiodic acid (57%) were obtained from Sigma-

Aldrich Corp. Hydrochloric acid (37%) was obtained from VWR Chemicals. A typical 

experiment involved the preparation of 150 mL of a 10% w/w fructose. The solution was 

then transferred to a 200 mL Teflon-lined stainless-steel autoclave and heated in an oven to 

a temperature of 200 °C. After the target temperature was reached, it was kept for a variable 

amount of time, ranging from 2 h to 12 h. In catalyzed reactions, an adequate volume of 

concentrated acid (H2SO4, HNO3, HCl, HBr, HI) was added in order to reach a targeted pH of 

1.5. In these cases, the reaction time was 3 h. After reaching the desired reaction time, 

reaction was quenched by immersing the autoclave into icy water. Then, the reaction 

medium was vacuum-filtered to separate the aqueous phase from the solid, brownish-black 

solid precipitate of hydrothermal carbon. Occasionally, when precipitate was too finely 

dispersed, a centrifugation step (14500 rpm for 30 min) was required before filtration to 

separate it from the solution. The solution was then collected and analyzed via HPLC. The 

precipitate was washed several times with hot deionized water, until the washing solution 

was neutral. Finally, the HTC powder collected was dried at 80 °C overnight and then 

weighed and stored for further analysis. A series of experiments involving pressure and 

atmosphere control as described below was carried out using a Parr 5513 100 mL reactor 

filled with 40 ml of 10% w/w fructose solution. The reactor was filled with air, N2 or CO2, 

under atmospheric pressure or slight overpressure (2 bar). The system was heated to 200 °C 

in 45 minutes and then kept at the same temperature for 2 h. The solution was subsequently 

allowed to cool down to room temperature and analyzed via HPLC. The amount of HT carbon 

formed was not taken into account in this last series of experiments. In this reactor, in fact, 

the HT carbon deposited as a thick layer on the reactor walls and stirrer instead of 

precipitating as a fine powder. Its quantitative recovery was deemed to be unreliable both 

with mechanic methods and chemical dissolution with strong bases that would have 
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partially dissolved the carbon and altered its chemical properties. Therefore, HT carbon 

yields were omitted from the subsequent calculations. Each experiment in this study was 

performed in duplicate. 

Analysis of aqueous phase 

Samples were analyzed through HPLC analysis on an Agilent LC 1260 Infinity II system 

equipped with 1260 Infinity II variable wavelength detector and 1260 Infinity II RI detector. 

Separation of the complex mixture of soluble products was performed with an Aminex HPX-

87H column, using 5 mM H2SO4 as the mobile phase at a flow rate of 0.6 mL min-1, at a 

working temperature of 65 °C and detected through UV (254 nm) and RI detector. All 

analytes were quantified by means of a calibration curve. 

Uncertainties on measurements 

Each experiment was performed in double. The uncertainties associated with molar yields 

shown in Tables 3, Table 4, Table 7 and Table 11 were calculated as square root of sum of 

the squares of uncertainty of the average of two measurements and the uncertainties derived 

from the calibration curve as shown in Equation 30. 

𝜎𝑖,𝑡𝑜𝑡 = √𝜎𝑖,𝑐𝑎𝑙1
2 + 𝜎𝑖,𝑐𝑎𝑙2

2 + 𝜎𝑖,𝑎𝑣
2 (𝟑𝟎) 

The sums of product yields (𝑚𝑖/𝑚𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟) and unreacted precursor (𝑚𝑝,𝑢/𝑚𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟, if 

present) (Equation 31) along with their uncertainties are shown in Tables 13, Table 14 

and Table 15. The uncertainty of each sum is calculated as square root of the sum of squared 

uncertainty of each addend. 

𝑠𝑢𝑚 [%] =
∑𝑚𝑖 +𝑚𝑝,𝑢

𝑚𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟
∙ 100 (𝟑𝟏) 
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Table 13 Sum of product yields and unreacted precursors with uncertainties in reaction time 
experiments 

 
2h 3h 4h 6h 12h 

 

Sum 
[%] 

u/c (k=1) 
[%] 

Sum 
[%] 

u/c (k=1) 
[%] 

Sum 
[%] 

u/c (k=1) 
[%] 

Sum 
[%] 

u/c (k=1) 
[%] 

Sum 
[%] 

u/c (k=1) 
[%] 

glucose 105 7 107 5 105 2 100 8 96 1 

fructose 105 2 118 14 106 6 105 8 111,8 0,9 

xylose 95,8 0,3 91 1 90 12 80 7 78,4 0,5 

Slight deviations from theoretical 100% (Table 13) can be ascribed to: 

• Propagation of error; 

• Estimate of molar yield of HTC based on the assumption of a chemical structure of a 
polymer of HMF units (fructose and glucose) and furfural units (xylose); 

• Unspecified and therefore not quantified conversion products. 

Table 14 Sum of product yields and unreacted precursors with uncertainties in reaction acid 
catalysis experiments 

 H₂SO₄ HNO₃ HCl HBr HI 

 

Sum 
[%] 

u/c (k=1) 
[%] 

Sum 
[%] 

u/c (k=1) 
[%] 

Sum 
[%] 

u/c (k=1) 
[%] 

Sum 
[%] 

u/c 
(k=1) 
[%] 

Sum 
[%] 

u/c (k=1) 
[%] 

glucose 120 9 112 13 113 15 115 6 128 13 

fructose 153,2 0,3 148 8 151,9 0,3 151 5 159,8 0,8 

Table 14 shows larger deviations from theoretical 100%, despite uncertainties 

comparatively similar to those of the time experiments, pointing out to a systematic error. 

These deviations were likely caused by loss of water vapour during reaction, resulting in a 

more concentrated final solution and an overestimation of the concentration of water-

soluble products. The loss of water vapour was caused by a limitation of the employed 

reactors that could not sustain higher pressures reached in the acid-catalyzed systems.  

Table 15 Sum of product yields and unreacted precursors with uncertainties in reaction acid 
catalysis experiments 
 1 bar 2 bar 1 bar 2 bar 1 bar 2 bar 

 Sum 
[%] 

u/c 
(k=1) 

[%] 
Sum 
[%] 

u/c 
(k=1) 

[%] 
Sum 
[%] 

u/c 
(k=1) 

[%] 
Sum 
[%] 

u/c 
(k=1) 

[%] 
Sum 
[%] 

u/c 
(k=1) 

[%] 
Sum 
[%] 

u/c 
(k=1) 

[%] 
fructose 27,6 0,8 31 2 29 3 34 8 28 2 30 3 
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Table 15 shows the sums of products yields and unreacted precursors in the feed gas series 

of experiments. In this case, the hydrothermal carbon was not measured and therefore the 

sums only account for the water-soluble products.  

Analysis of hydrothermal carbon 

FT-IR 

Fourier transform infrared spectroscopy (FT-IR) is an analytical technique to investigate the 

chemical structures of compounds and materials. The principle of this technique is the ability 

of infrared radiation of being absorbed by the sample at given frequencies corresponding to 

vibrational states of the molecule investigation.[246]  

FTIR spectra were obtained from powder samplers using a Bruker Tensor 27 FTIR 

spectrometer equipped with ATR (attenuated total reflectance) detector in the range of 400 

to 4000 cm-1, with scan rate of 20 scans min-1 

Solid state 13C NMR 

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful technique to investigate 

individual atoms, molecules as well as structural and dynamic information. NMR exploits the 

physical property of atom nuclei with non-zero spin to align to an external magnetic field 

and develop different energy levels. By perturbing this alignment with a radiofrequency 

pulse and detecting the waves emitted by nuclei in response to this perturbation, we are able 

to collect information about the chemical environment of each atom. In fact, the total 

magnetic field experienced by a nucleus includes local magnetic fields induced by electrons 

in the molecular orbitals, which varies according to the local geometry and affecting the spin 

energy levels (and resonance frequencies). The different frequencies of the same kind of 

nucleus due to the variation in electron distribution results in chemical shifts, which are 

diagnostic to the chemical structure, and the size of the shift is relative to a standard in a 

magnetic field.[247]  

In solid-state NMR, anisotropic interactions modify the resonance frequency of all sites in 

the material and often contribute to a line-broadening effect in NMR spectra. Different 
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acquisition methods have been developed to reduce the large anisotropic interactions 

between nuclei and to increase the signal to noise ratio (S/N), such as cross-polarisation 

(CP), magic angle spinning (MAS) and two-dimensional phase adjusted spinning sidebands 

(2D-PASS). SS-NMR 13C CP-MAS spectra were obtained on Bruker AV600 NEO Spectrometer. 

Scanning electron microscopy 

Electron microscopy is a useful tool to study the morphology and structure of carbon 

materials. SEM images are obtained by means of a focused electron beam that is used to 

illuminate/image the sample. The electron beam is scattered from the atoms contained in 

the sample. The scattered electrons are detected and converted into an image. Due to 

electrons being readily absorbed by air, electron microscopy is carried out under ultrahigh 

vacuum.[248] A schematic of the main working components of a scanning electron 

microscope can be seen in Figure 25. 

 

Figure 25 Schematic of the working components of a scanning electron microscope. 

Reproduced from Inkson,[249] Copyright 2016 Elsevier. 
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Micrograph images were obtained with FEI Quanta 3D Scanning Electron Microscope (SEM). 

Powder samples were supported on sticky carbon tape on top of a steel stub and sputter 

coated with gold. 

MALDI-ToF Mass Spectrometry 

Mass spectrometry is an analytical technique that analyzes mass-to-charge molecular 

fragments or molecular ions of a sample in order to get information about the chemical 

structure of the sample. A mass spectrometer must include a source of ions and a detector.  

Time of flight is a type of detector used in mass spectrometry that is able to discriminate 

between different ions by measuring the time that they need to reach the sensor, which is a 

function of their mass. Matrix-assisted laser desorption ionization is a soft ionization 

technique based on the use on a laser to cause “soft” desorption of ions from a matrix.[250]  

Samples were run on a Micromass MALDI-ToF mass spectrometer operating in linear 

positive mode (pulse 800, detector 2300, N2 laser 337 nm). 1 mg of sample was dissolved 

into 0.5 ml of THF. 5 μL was removed and 5 μL of CHCA (10 mg mL-1 in 50:50 

water:acetonitrile) was added. Sample was vortexed for 30 s and then 1 μL of the mixture 

was spotted onto the MALDI plate. Sample was left to air dry. Where necessary, samples were 

re-spotted and again left to air dry. 
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