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Rusanen, Annu, Catalytic conversion of sawdust-based sugars into 5-hydroxy-
methylfurfural and furfural. 
University of Oulu Graduate School; University of Oulu, Faculty of Technology
Acta Univ. Oul. C 807, 2021
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Sawdust is an abundant but poorly utilized lignocellulosic side stream. It is mainly burned as
energy despite the fact that it could be utilized in the production of biomass-based chemicals.
Sawdust is composed of cellulose, hemicellulose, and lignin fractions, all of which can be
separated and utilized for different applications. The production of so-called high-value-added
chemicals from biomass could improve the economics associated with biorefinery and replace
certain petroleum-based chemicals as well. Recently, the production of 5-hydroxymethylfurfural
(HMF) and furfural has attracted a considerable amount of interest, as these substances can be
prepared from sawdust-based sugars and play a key role in the production of many biomass-based
products.

The catalytic conversion of sawdust-based sugars into HMF and furfural was studied in this
thesis. The comprehensive utilization of sawdust through stepwise fractionation, hydrolysis, and
conversion were used, and all the reaction steps were geared toward high selectivity. In addition,
different homogeneous and heterogeneous catalysts, such as mineral acids, organic acids, metal
salts, catalysts based on activated carbon (AC), and deep eutectic solvents (DESs), were also
utilized in this research. In the first part of the thesis, sawdust was selectively degraded to produce
either hemicellulose sugars or furfural using acid hydrolysis or DES treatment. In the second part,
sawdust-based sugars were converted into HMF and furfural using different AC-based catalysts
or DES media.

Based on the results obtained, it was demonstrated that hemicellulose could be efficiently
separated as sugars and furfural from the sawdust. These processes could potentially be utilized in
biorefinery concepts where the main products are currently obtained from cellulose. In addition,
the selectivity of HMF and furfural production from sawdust-based sugars could be significantly
improved with the use of AC catalysts in the conversion reaction. Overall, this research enhances
the information available on possible side stream valorization (sawdust-, C6-, or C5-rich side
streams) and introduces some green alternatives for traditional mineral acid catalysts.

Keywords: 5-hydroxymethylfurfural, biorefinery, chemical conversion, deep eutectic
solvent, furfural, glucose, heterogeneous catalysts, sawdust, xylose





Rusanen, Annu, Sahanpurupohjaisten sokerien katalyyttinen konversio
5-hydroksimetyylifurfuraaliksi ja furfuraaliksi. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Teknillinen tiedekunta
Acta Univ. Oul. C 807, 2021
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Sahanpuru on laajasti saatavilla oleva mutta huonosti hyödynnetty lignoselluloosapitoinen sivu-
virta. Se poltetaan pääasiassa energiana, vaikka se voitaisiin hyötykäyttää erilaisten biomassape-
räisten tuotteiden valmistuksessa. Sahanpuru koostuu selluloosa-, hemiselluloosa- ja ligniini-
fraktioista, jotka voidaan erottaa toisistaan ja hyötykäyttää erilaisissa sovelluksissa. Niin sanot-
tujen korkean lisäarvon tuotteiden valmistaminen biomassasta voisi sekä lisätä biojalostamoi-
den taloudellista kannattavuutta että korvata osan öljypohjaisista tuotteista biomassaperäisillä
vastineilla. Viime aikoina 5-hydroksimetyylifurfuraalin (HMF) ja furfuraalin tuotanto on herät-
tänyt paljon kiinnostusta, sillä ne voidaan valmistaa sahanpurun sisältämistä sokereista ja niillä
on keskeinen rooli monien biomassaan perustuvien tuotteiden valmistuksessa.

Tässä työssä tutkittiin sahanpurun sisältämien sokereiden katalyyttistä konversiota HMF:ksi
ja furfuraaliksi. Sahanpuru hyödynnettiin kokonaisvaltaisesti vaiheittaisen fraktioinnin, hydro-
lyysin ja konversion avulla siten, että reaktioiden korkea selektiivisyys säilyi joka vaiheessa.
Työssä hyödynnettiin erilaisia homogeenisia sekä heterogeenisiä katalyyttejä, kuten mineraali-
happoja, orgaanisia happoja, metallisuoloja, aktiivihiilipohjaisia katalyyttejä ja syväeutektisia
liuottimia (DES). Työn ensimmäisessä osassa sahanpurun hemiselluloosafraktio pilkottiin selek-
tiivisesti joko sokereiksi tai furfuraaliksi. Tähän käytettiin happohydrolyysiä tai DES-käsittelyä.
Työn toisessa osassa sahanpurun sisältämiä sokereita muunnettiin HMF:ksi ja furfuraaliksi käyt-
täen erilaisia aktiivihiilikatalyyttejä tai hyödyntäen syväeutektisia liuottimia.

Saadut tulokset osoittivat, että hemiselluloosa voidaan erottaa sahanpurusta selektiivisesti
sekä sokereina että furfuraalina. Tämä olisi hyödynnettävissä esimerkiksi biojalostamoissa, jois-
sa nykyiset päätuotteet saadaan selluloosasta. Lisäksi tulokset osoittivat että HMF- ja furfuraali-
tuotannon selektiivisyyttä sahanpurupohjaisista sokereista voidaan merkittävästi parantaa käyttä-
mällä aktiivihiilikatalyyttejä konversioreaktiossa. Yleisesti ottaen tutkimus lisäsi tietoa sivuvir-
tojen (sahanpuru sekä C6- että C5-sokerit) hyödyntämisestä ja esitteli vihreän kemian mukaisia
vaihtoehtoja perinteisille mineraalihappokatalyyteille.

Asiasanat: 5-hydroksimetyylifurfuraali, biojalostamo, furfuraali, glukoosi,
heterogeeninen katalyytti, kemiallinen konversio, ksyloosi, sahanpuru, syväeutektinen
liuotin
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i.e. id est, that is 

IL ionic liquid 

LaA lactic acid 
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MA malic acid 
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OA oxalic acid 
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SEM scanning electron microscopy 

STEM scanning transmission electron microscopy 

TGA thermal gravimetric analysis 

THF tetrahydrofuran 

TPD temperature programmed desorption 

USR unhydrolyzed solid residue 
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1 Introduction 

1.1 Background 

Global concerns regarding climate change along with a growing gap in oil 

consumption and discoveries are driving society toward establishing a sustainable 

bioeconomy. We live in a world that is highly dependent on fossil-derived materials 

(i.e. oil, coal, and natural gas), but, at the same time, we are aware of the limitations 

of those non-renewable, unsustainable resources. The transportation sector is the 

largest oil consumer (69% of US petroleum was used for transportation in 2019), 

while the chemical industry contributes 15% of the primary global demand for oil 

(International Energy Agency [IEA], 2020). 

In a fossil-free world, there are only three renewable types of carbon that can 

be used to produce food, chemicals, materials, and energy in a way that enables the 

establishment of a circular economy: (1) carbon obtained from biomass, (2) carbon 

in the atmosphere (CO2), and (3) recycled carbon obtained from man-made 

consumables. Among these, plant-based biomass represents an extremely abundant 

source of organic carbon and, therefore, can serve as a feasible substitute for 

petroleum in the production of chemicals and fuels (Hartley, 1937). The utilization 

of biomass started with biofuels, i.e. with bioethanol and biodiesel production, 

using sugarcane, sugar beet, grains, and oil crops (e.g. rapeseed, soybean, and palm 

oil) (de Vries, van de Ven, Gerrie, van Ittersum, & Giller, 2010). However, it soon 

became clear that the production of these so-called first-generation biofuels was 

creating a conflict between food and fuel needs. It also initiated the discussion 

about the sustainable criteria of biofuels with regard to net greenhouse gas 

emissions produced during the production process and the large-scale effects on 

water resources, biodiversity, and vulnerable pieces of land (Doornbosch & 

Steenblik, 2007). Given all these drawbacks of food biofuels, in addition to 

government initiatives and European Union legislations, it is obvious that we need 

to move toward new-generation lignocellulosic biofuels. 

Besides biofuels, bio-based chemicals have also acquired a better competitive 

position than oil derivatives in recent years. This was made possible not only 

because the spectrum of possible approaches to converting biomass into chemicals 

is significantly wide but also because the focus is currently on the emerging field 

of biorefinery systems. Biorefineries are intended to use biomass feedstock 

economically and in an environmentally reasonable manner for the production of a 
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whole range of products: from high-volume commodities, such as fuels or pulp, to 

high-added-value specialty chemicals (Cherubini, 2010; Corma, Iborra, & Velty, 

2007; Lynd, Wyman, & Gerngross, 1999). Similar to biofuels, in biorefineries, 

lignocellulosic feedstock is also considered to be extremely promising in terms of 

raw material availability and sustainability. Especially in northern pulping 

countries, sawdust, bark, and the side streams of the paper and pulping industry (i.e. 

fiber sludge) have received a considerable amount of attention as raw materials for 

the production of biochemicals (Hurmekoski et al., 2018). 

Lignocellulosic feedstocks are mainly composed of monosaccharides, and, as 

monosaccharides can be converted into numerous drop-in products and novel 

chemicals through bio-based building blocks, the possibilities offered by the 

feedstock are enormous (Dusselier, Mascal, & Sels, 2014). In 2004, the United 

States Department of Energy published a report called “Top Value-Added 

Chemicals From Biomass,” which aimed to identify the top opportunities for the 

production of value-added chemicals from biomass that would economically and 

technically support the production of fuels and power in an integrated biorefinery 

(Werpy et al., 2004). The working group started with over 300 potential compounds 

that could be produced from biomass and from a top-30 list, identified 15 promising 

sugar-derived chemicals and materials that could serve as an economic driver for a 

biorefinery. Later, in 2010, the list was revised, with some of the products being 

eliminated because they turned out to be of limited interest during these years, and 

others being introduced, resulting in a new list of 13 compounds based on more 

updated developments (Bozell & Petersen, 2010). This list includes both the value-

added chemicals that were prepared in the current thesis, namely furfural and 5-

hydroxymethylfurfural (HMF). 

1.2 Research aims 

The catalytic conversion of sawdust-based sugars into HMF and furfural has been 

studied in this thesis. Currently, the key challenge in the production of furfural and 

HMF is poor selectivity. Biomass, especially lignocellulosic biomass, has a 

complex structure that makes it a challenging raw material for controlled 

degradation and conversion. In addition, the current processes used for the 

production of furfural and HMF rely mainly on the acid hydrolysis of food or 

agriculture wastes, such as bagasse and syrups extracted from crops (Kabbour & 

Luque, 2020; Kläusli, 2014). These food-based starting materials are more easily 

converted into furan derivatives, especially into HMF, than recalcitrant wood 
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biomass. However, there is a huge amount of wood biomass produced as side 

stream and its utilization as a high-value chemical would enhance the economics 

of certain processes. Nowadays, for example, the sawdust produced in sawmills 

and pulp mills is burned to generate energy, while its chemical composition could 

be utilized in a more useful manner. 

The aim of this thesis was to produce HMF and furfural from sawdust as 

selectively as possible using different catalytic systems. The thesis is based on the 

idea that the three main components of sawdust (hemicellulose, cellulose, and 

lignin) can be separated through fractionation and then used separately (Fig. 1). 

Paper I focused on the fractionation of sawdust using selective hemicellulose 

hydrolysis. In Paper II and III, sawdust-based sugars (glucose and xylose) were 

used to simulate sawdust cellulose and hemicellulose fractions, and these 

compounds were converted into HMF and furfural (Fig. 1). Further, lignin was 

employed in Paper III as a catalyst support material. In Paper IV, HMF and furfural 

were produced simultaneously using either a glucose or xylose sugar mixture or 

sawdust as the starting material. Different homogeneous and heterogeneous 

catalysts such as mineral acids, organic acids, metal salts, catalysts based on 

activated carbon (AC), and deep eutectic solvents (DESs) were employed in Papers 

I–IV. 

Fig. 1. A comprehensive utilization of sawdust through stepwise fractionation, 

hydrolysis, and conversion was carried out in the present study. 
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The following are the specific research questions that are answered in this thesis: 

– Can hemicellulose be selectively separated from sawdust as monomeric sugars 

via acid hydrolysis? (Paper I) 

– How does the behavior of a mixture of sulfuric acid and formic acid during 

hydrolysis compare to that of single acids? Can using such a mixture reduce 

the volume of acids needed for hydrolysis without decreasing the sugar yield? 

(Paper I) 

– Can sawdust be selectively converted into HMF and furfural through a one-

step process that uses DES? Is this a suitable fractionation method? Can DES 

act as a catalyst in this reaction? (Paper IV) 

– Is a glucose/xylose mixture easier to convert into HMF and furfural than 

sawdust? (Paper IV) 

– Does AC serve as a suitable catalyst support for converting sugars into HMF 

and furfural? (Paper II and III) 

– How does treating AC with acid or metal salt affect its catalytic properties 

during conversion? (Paper II and III) 

– How does the use of an AC catalyst affect the reaction’s selectivity as compared 

to homogeneous catalysts? (Paper II and III) 
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2 Utilization of lignocellulosic biomass 

2.1 Structure of lignocellulosic biomass 

Raw lignocellulosic material consists mainly of cellulose, hemicellulose, and lignin. 

The exact proportions of these substances vary depending on the feedstock, but 

average the composition is usually 40–50% cellulose, 20–30% hemicellulose, and 

15–30% lignin (Alén, 2000; Qin, Li, Zhu, Li, & Yuan, 2017; Tayyab et al., 2018). 

Cellulose and hemicellulose together are referred to as holocellulose, as they are 

both composed of polysaccharides. Cellulose is a long homopolymer composed of 

thousands of D-glucopyranose units linked via ß-(1,4) glycosidic bonds (Fig. 2) 

(Smith, 2019). The layering of individual cellulose chains, through the formation 

of interchain hydrogen bonds (Fig. 2), establishes a crystalline cellulose structure 

that further contributes to cellulose’s resistance to degradation. In addition, 

cellulose fibrils are embedded in the lignocellulosic matrix and are therefore 

difficult to access (Fig. 2). 

Hemicellulose is a class of heteropolysaccharides composed of a wide array of 

different 5- and 6-carbon sugars (such as D-xylose, L/D-arabinose, D-galactose, D-

mannose, and D-glucose) and uronic acids (such as D-glucuronic acid, 4-O-methyl-

D-glucuronic acid, and D-galacturonic acid) (Alén, 2000). In addition, the hydroxyl 

groups at position C2 or C3 are often partially substituted by O-acetyl groups. The 

exact chemical composition of a hemicellulose polymer is species- and 

environment-specific, but the most common types of subgroups that form 

hemicelluloses are xylans and mannans (Smith, 2019). The major hemicelluloses 

found in softwoods are galactoglucomannan, glucomannan, and 

arabinoglucuronoxylan. Galactoglucomannan, which is the principal hemicellulose, 

consists of β-(1,4) linked D-mannopyranose and a D-glucopyranose backbone with 

D-galactopyranose side chains and acetyl substituents. In hardwoods, the main 

hemicellulose is 4-O-methylglucuronoxylan, which consists of a D-xylopyranose 

backbone (with acetylated hydroxyl groups) branched with 4-O-methylglucuronic 

acid (Fig. 2). Similar to softwoods, hardwoods also contain small amounts of 

glucomannans but without the acetyl substituents (Alén, 2000). Independent from 

the monomeric differences between hemicelluloses, individual chains of 

hemicelluloses act as random coils and form an aggregate network structure within 

lignocellulose (Fig. 2). In hemicellulose, the degree of polymerization of is always 

much lower than that of cellulose, and the structure is amorphous and has little 
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physical strength (Zoghlami & Paës, 2019). This also leads to lower chemical and 

thermal stability when compared to cellulose. 

 

Fig. 2. Representative structure of the lignocellulosic matrix with cellulose, 

hemicellulose, and lignin. The molecular structures of the cellulose chain, 

hemicellulose chain (glucuronoxylan), and the building blocks of lignin (p-coumaryl, 

coniferyl, and sinapyl alcohol) are also shown (Modified from Alonso, Wettstein, & 

Dumesic, 2012). 

Lignin, which is a highly heterogeneous phenolic polymer, fills the spaces between 

the cellulose and hemicellulose polymers on the cell wall and functions as a glue 

in the lignocellulose structure. It provides strength and rigidity to the plant and 

protects the polysaccharides from microbial degradation. The lignin structure is 

extremely irregular and is mainly derived from three major phenolic components, 

namely p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol (Fig. 2) (Alén, 

2000; Boerjan, Ralph, & Baucher, 2003). Unlike the holocellulose component of 

lignocellulose, lignin polymers contain a wide variety of interunit linkages (mainly 

ether bonds and C-C bonds) that are correlated to the species of lignin origin. 
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Apart from the physically intertwisted structure of lignocellulosic biomass 

constituents (Fig. 2), there exist chemical interactions between cellulose and 

hemicellulose as well as between lignin and carbohydrates (Alén, 2000). While the 

hydrogen bonds between cellulose and hemicellulose are well known, it has been 

suggested that van deer Waals’s forces and covalent bonds also exist, mainly 

between lignin and carbohydrates (Giummarella, Pu, Ragauskas, & Lawoko, 2019; 

Houtman & Atalla, 1995; X. Zhang, Yang, & Blasiak, 2011). Covalent bonds, 

primarily ether and esther bonds, have been proposed between lignin and 

hemicellulose, but it has been difficult to definitely verify the precise type and 

amount of the chemical linkages (Alén, 2000). 

2.2 Hydrolysis and fractionation of lignocellulosic biomass 

Due to the complex and rigid structure of lignocellulosic biomass, it is rarely 

converted into chemicals (in commercial scale) without any preliminary treatment. 

The purpose of the preliminary treatment can simply be the degradation of the 

lignocellulose’s structure to more susceptible format (Fig. 3) or, simultaneously, 

fractionate one (or several) of its constituents to separate the fractions. 

Fractionation may be used as a synonym for pretreatment or hydrolysis, for instance, 

if the aim is to provide carbohydrate fractions for further processing. However, in 

this thesis, the word fractionation is used to describe the comprehensive utilization 

of all biomass constituents (cellulose, hemicellulose, and lignin), and pretreatment 

and hydrolysis may be used as tools to achieve the same. The term “sawdust 

degradation” is used as a generic term to describe a process in which sawdust is 

decomposed into either sugars (via hydrolysis) or HMF and furfural (via one-step 

hydrolysis and conversion).  

If the aim is to produce oligomers or monomers from cellulose and 

hemicellulose chains, usually acid hydrolysis or enzymatic hydrolysis is carried out. 

In this regard, acid hydrolysis can be sufficient, but it can also be used as a 

pretreatment before enzymatic hydrolysis is performed. However, a more common 

pretreatment for enzymatic hydrolysis is steam explosion, which is currently used 

at most commercial biorefineries (Pielhop, Amgarten, von Rohr, & Studer, 2016). 

Steam explosion can be performed using plain-water steam but with more 

recalcitrant feedstock like softwood, acid-catalyzed (H2SO4 or SO2) steam 

explosion is commonly used (Galbe & Zacchi, 2002). 
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Fig. 3. Pretreatment degrades the lignocellulose structure and renders the 

carbohydrates more susceptible to hydrolysis. 

The hydrolysis of lignocellulose is usually carried out under acidic conditions, 

where both the temperature and the concentration of the acid together determine 

the extent of the hydrolysis. Traditionally, diluted sulfuric acid is used for cellulose 

or hemicellulose hydrolysis, but organic acids, such as oxalic acid and formic acid, 

are used nowadays, especially in the hydrolysis of hemicellulose (Abatzoglov, 

Bouchard, Chornet, & Overend, 1986; Alvarez-Vasco, Guo, & Zhang, 2015; 

Canettieri, Rocha, Carvalho Jr., & Silva, 2007; Goldmann, Ahola, Mikola, & 

Tanskanen, 2017; Lee & Jeffries, 2011; Loow, Wu, Jahim, Mohammad, & Teoh, 

2016). The advantage offered by organic acids is their lower corrosion compared 

to sulfuric acid. The temperatures during hydrolysis are usually below 200 °C but 

are primarily dependent on the purpose of the hydrolysis, the acid concentration, 

and the reaction time. 

The fractionation of biomass is a matter of great importance not only from an 

accessibility point of view but also because it enables the possibility of utilizing the 

whole structure of the biomass in the best possible way. When the aim of the 

biomass treatment is complete fractionation, the process usually removes 

hemicellulose and lignin but retains most of the cellulose fractions in the biomass. 

In this case, the commonly used method is the organosolv process, in which a 

water/ethanol and H2SO4 system dissolves the lignin and hydrolyzes hemicellulose 

(Thoresen, Matsakas, Rova, & Christakopoulos, 2020). The process can vary in 

terms of the water miscible solvent and catalyst used. Mainly, ethanol, acetone, and 

formic acid are used as solvents, while the catalyst can be an acid, a base, or a salt 

(Xu et al., 2020). 
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In addition to the organosolv technique, fractionation process that are assisted 

by ionic liquids (ILs) and DESs have been developed recently. ILs, which are 

composed of cations (generally organic) and anions (organic or inorganic), can be 

tailored for either partial or full dissolution, meaning that either only lignin and 

hemicellulose can be dissolved in an IL or the entire lignocellulose substrate can 

be dissolved (Abushammala & Mao, 2020). However, the limitations of ILs, such 

as toxicity, poor biodegradability, and high cost, have restricted their 

implementation, and, therefore, DESs have entered the field (Płotka-Wasylka, de 

la Guardia, Andruch, & Vilková, 2020). DESs are solvents that are synthesized in 

a liquid state close to room temperature by at least one hydrogen bond donor (HBD) 

and one hydrogen bond acceptor (HBA) (Abbott, Capper, Davies, Rasheed, & 

Tambyrajah, 2003; Garcia-Alvarez, 2019). The term DES was originally 

introduced by Abbott et al. (2003) to describe any mixture that is characterized by 

a significant (“deep”) decrease in its transition temperature (liquid–solid) compared 

to the individual melting points of the constituent substances (Durand, Lecomte, & 

Villeneuve, 2016). Because the term “eutectic” is fundamentally used to describe a 

mixture of two or more compounds that, in a well-defined composition, displays a 

unique and minimal melting point in the phase diagram, using the term DES might 

suggest that the system has an eutectic composition, which is usually not the case. 

Therefore, the term “low transition temperature mixture” (LTTM) is sometimes 

used in the literature instead of DES (Durand et al., 2016). However, in this thesis 

and in Paper IV (as well as in most of the literature), the term DES is widely used 

even if it does not refer to eutectic mixtures in any way and may involve water in 

some cases (Martins, Pinho, & Coutinho, 2019). DESs have been studied a lot 

recently in association with fractionation, as some of them (e.g. ChCl-LaA) have 

high lignin solubility and very poor or negligible cellulose solubility (Francisco, 

Bruinhorst, & Kroon, 2012). However, neither ILs or DESs are commercialized for 

fractionation processes, while formic acid-aided organosolv is utilized at least in 

Chempolis and Compagnie Industrielle de la Matière Végétale (CIMV) processes 

(Mussatto & Dragone, 2016). Nonetheless, organosolv fractionation is better suited 

for non-wood feedstocks (e.g. corn stover, wheat straw, rice straw, and bamboo) 

than for woody feedstocks (Xu et al., 2020), which makes it less desirable in Nordic 

countries. 

Traditional Kraft pulping is also a type of fractionation, in which aqueous 

sodium hydroxide is used with sulfides to separate cellulose from lignin and 

hemicellulose (Gierer, 1980). However, production of black liquor, which  contains 

lignin fragments, carbohydrates from the breakdown of hemicellulose, sodium 
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carbonate, sodium sulfate, and other inorganic salts is not the best possible way to 

valorize lignin and hemicellulose structures. In fact, the Kraft process simply 

focuses on cellulose valorization rather than lignocellulose fractionation. 

2.3 Production of biomass-based value-added chemicals 

Lignocellulosic monosaccharides can be converted into various high-value-added 

chemicals such as HMF, furfural, levulinic acid (LeA), or lactic acid (LaA). 

Hexoses and pentoses, obtained from biomass cellulose and hemicellulose, are 

dehydrated in the presence of a Brønsted acid catalyst to form HMF or furfural, 

respectively (Fig. 4, black path). Alternatively, lactic acid is formed from hexoses 

and pentoses via retro-aldol and other reactions in the presence of Lewis acid or 

Brønsted base (Fig. 4, red path) (Marianou et al., 2018). Additionally, HMF and 

furfural can both undergo further reactions, but HMF, which has one hydroxyl 

group more than aldehydic furfural, is more reactive. Further hydrolyzing of HMF 

produces levulinic acid (Fig. 4, blue path) (Zheng, Gu, Ren, Zhi, & Lu, 2016). 

 

Fig. 4. Production of some biomass-based value-added chemicals. 

The field of study related to the possible products that can be created through 

reactions with sugar is wide, but this thesis focuses on the production of specific 

compounds, namely HMF and furfural. Therefore, only these substances are 

introduced in the following sections, in which their features, applications, and 

production using different reaction systems and catalysts are reviewed. However, 

it is worth keeping in mind that there are always multiple competing reactions and 

reaction products, and these are selectively avoided by selecting the appropriate 
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reaction media and parameters. Despite great effort, humins, which are the complex 

polymers and oligomers formed during reactions of HMF, furfural, sugars, and 

other reaction intermediates produced during the process, are nearly always formed 

(Fig. 4) (Cheng et al., 2018; Sumerskii, Krutov, & Zarubin, 2010). 

2.3.1 5-hydroxymethylfurfural 

HMF is multifunctional molecule, as it contains aldehyde and alcohol groups, 

which are both connected to the aromatic heterocyclic furan ring (Fig. 5). HMF 

provides excellent chemical reactivity for various reactions to produce other value-

added chemicals, such as solvents, monomers for polymer production, and other 

bulk chemicals (Fig. 5) (Thoma et al., 2020). Since HMF is a dehydration product 

of hexoses, it can be seen as key intermediate between biomass and biomass-

derived products. 

 

Fig. 5. Value-added biobased chemicals derived from HMF (Reprinted under CC BY 4.0 

license from Thoma et al., 2020 © Authors). 
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In principle, HMF production seems easy—it is generally formed due to the loss of 

three molecules of water from a hexose material in an acid-catalyzed reaction. 

However, the actual production of HMF is quite complicated because of the 

multiple side reactions involved and because the exact reaction mechanisms are 

still staying unclear. Several mechanisms have been proposed, most of which refer 

to acyclic or cyclic direct dehydration pathways (Antal, Mok, & Richards, 1990; 

Moreau et al., 1996; van Putten et al., 2013). In acyclic pathways, the reaction 

proceeds through the open-chain 1,2-enediol intermediate, which then undergoes 

three consecutive dehydration steps to form HMF (Fig. 6) (Moreau et al., 1996). 

The rate-limiting step in this mechanism is the one at which the formation of 1,2-

enediol occurs. 

 

Fig. 6. Proposed acyclic pathway of hexose dehydration to produce HMF (Modified from 

Moreau et al., 1996). 
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In the cyclic pathway, the starting compound is always the ketofuranose ring, which 

stays intact during the entire dehydration process (Fig. 7). If, for instance, glucose 

is used as the raw material, the glucose requires isomerization to fructose prior to 

dehydration. The cyclic mechanism starts with the dehydration of ketofuranose at 

the C2 position to form a tertiary carbenium cation (Fig. 7) (Akien, Qi, & Horváth, 

2012). This is followed by the formation of 2-(hydroxymethyl)-5-(hydroxyl-

methylene)tetrahydrofuran-3,4-diol and two consecutive dehydrations in the ring 

to form HMF (Fig. 7) (Akien et al., 2012). The 13C nuclear magnetic resonance 

(NMR) study of labelled fructose (at positions one and six) confirmed that fructose 

C1 forms the carbonyl carbon of HMF, while fructose C6 forms the hydroxymethyl 

carbon (Fig. 7) (J. Zhang & Weitz, 2012). This aligns with the cyclic mechanisms 

proposed above. 

 

Fig. 7. Proposed cyclic pathway of hexose dehydration to produce HMF (Modified from 

Akien et al., 2012). 

Another insight into the mechanism of HMF formation can be found in the 

difference in reactivity between fructose and glucose. In general, fructose is much 

more reactive and selective toward HMF than glucose. This applies, in principle, 

to both mechanisms, since glucose has a more stable ring structure, which hinders 

its ability to form the acyclic enediol intermediate (Kuster, 1990). However, the 

significant differences between fructose and glucose in terms of reactivity and 

selectivity are better explained by the cyclic mechanism, in which glucose has to 

be isomerized into fructose prior to hydrolysis (van Putten et al., 2013). Typically, 

isomerization is catalyzed by Lewis acids, Brønsted bases, or enzymes. 

Additionally, when different reactivities are considered, it is worth mentioning the 

different tautomeric distributions of different sugars. Glucose exists almost 

exclusively in the pyranose form (in water at room temperature), while, for fructose, 

furanose forms are also present in considerable amounts (although the pyranose 

forms are in majority (Shallenberger, 1978). The prevailing mechanism also 

depends on the reaction conditions, i.e. on the solvent and catalyst. Unfortunately, 

most of the proposed mechanisms are based on research conducted with aqueous 
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systems, and, therefore, the mechanisms may vary if other solvents are used, as 

demonstrated by Zhang et al. (2012). 

2.3.2 Furfural 

Similar to HMF, furfural is a heterocyclic aldehyde but without the associated 

alcohol moiety (Fig. 8). It has been utilized more than HMF since its commercial 

production began already in the 1920s by the Quaker Oats Company (Zeitsch, 

2000). At the time, it was utilized as is and as furfuryl alcohol, and it was later used 

as a precursor for Nylon-6,6 production. More recently, it was proposed as an 

important C5 platform chemical for producing over 80 biochemicals (Fig. 8) 

(Kamm, Kamm, Schmidt, Hirth, & Schulze, 2005). Furfuryl alcohol is still the main 

product of furfural, but tetrahydrofuran (THF), 2-methyltetrahydrofuran, LeA, and 

γ-valerolactone (GVL) are important derivatives that are worth noting (Fig. 8). 

 

Fig. 8. Furfural and some of its derivatives. 

The proposed mechanisms (acyclic and cyclic) for furfural formation are identical 

to those of HMF, with the exception of pentose being used as the raw material 

(Ahmad, Kenne, Olsson, & Theander, 1995; Feather, Harris, & Nichols, 1972). 

Additionally, certain mechanisms that are initiated by an attack of H+ on the O2 of 

the pyranose form of the pentose (Antal, Leesomboon, Mok, & Richards, 1991; 
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Nimlos, Qian, Davis, Himmel, & Johnson, 2006) are proposed for furfural 

formation, but they present more than one weak point as compared to others (Danon, 

Marcotullio, & Jong, 2014). Similar to hexoses, pentuloses (e.g. xylulose) reach 

higher reactivity than the corresponding pentoses (e.g. xylose) when furfural (or 

HMF) is produced (Choudhary, Sandler, & Vlachos, 2012). 

The commercial production of furfural already utilizes lignocellulose (contrary 

to HMF production), mainly agricultural residues, such as the nonfood residues of 

food crops, and wood wastes from the fibrous leftovers of food crops (Kabbour & 

Luque, 2020). This pentosan-rich biomass is treated with a dilute acid solution and 

steam to yield furfural (Zeitsch, 2000). Furfural is constantly extracted from the 

reactor in a series of distillation columns using steam distillation to minimize 

furfural degradation and condensation reactions (Kabbour & Luque, 2020). It is 

worth noting that the current industrial production of furfural still uses traditional 

and inefficient technologies that are limited by a low yield of the product (up to 

50%), the use of corrosive homogeneous acid catalysts, and high energy 

consumption (X. Li, Jia, & Wang, 2016). Moreover, it has to be mentioned that 

combining furfural production with the processing of other biomass fractions 

would make more sense and profit biorefineries. 

2.3.3 Typical reaction conditions in 5-hydroxymethylfurfural and 

furfural production 

As mentioned earlier, the use of different catalysts and solvents is particularly 

important for determining the course of the monosaccharide dehydration reaction. 

In the subsequent chapters, the typical solvents and catalysts used for HMF and 

furfural production are briefly reviewed. Although there are certain slight 

differences between HMF and furfural production, mainly, similar catalysts and 

solvent systems are used for both. 

Solvents 

Due to the differences in various solvents with regard to polarity, boiling point, 

self-stability, solubility for substrates, and interactions with substrates and catalysts, 

solvents have significant impacts on conversion reactions. Solvents can be roughly 

divided into three categories: water, organic solvents, and ionic liquids (including 

DESs). Additionally, combinations of different solvents, i.e. biphasic systems, are 

used for in situ extraction purposes. 
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Water is a commonly used solvent in furfural and HMF production, and its use 

was especially popular during the early days (Lee, Cornelius Basil Tien Loong & 

Wu, 2021; T. Zhang et al., 2020). Its advantages, such as low cost, environmental 

friendliness, and availability, make it easy to use, and, therefore, numerous studies 

have gathered a significant amount of information about water as a reaction 

medium. Reactions in water are usually performed above its boiling point, and, 

since the concentration of H+ ions is increased at high temperatures, this may help 

facilitate reactions. At present, aqueous systems are mainly used for furfural 

production. However, in the case of HMF production, it soon became clear that the 

yields achieved using aqueous systems were relatively low (up to 50% from 

fructose) (Teong, Yi, & Zhang, 2014) mainly because of the associated strong 

tendency for humin formation (Tsilomelekis, Josephson, Nikolakis, & Caratzoulas, 

2014; Tsilomelekis et al., 2016). 

For HMF production, organic solvents are more commonly used than aqueous 

systems, since HMF is relatively unstable in water in the presence of acid (Akien 

et al., 2012). Additionally, the reaction rates of HMF production (from fructose) are 

much slower in a pure aqueous phase than in most organic solvents (Mellmer et al., 

2018). Further, solvation modelling has revealed that fructose dehydration is 

thermodynamically more favorable, for example, in dimethyl sulfoxide (DMSO) 

than in water (Choudhary, Burnett, Vlachos, & Sandler, 2012). While DMSO is the 

most used organic solvent for HMF production, other polar aprotic solvents, such 

as dimethylformamide (DMF), are also used (Teong et al., 2014). GVL is the most 

used organic solvent for furfural production, as it is known to increase the rate of 

furfural formation, decrease furfural by-reactions, and increase the stability of 

furfural (Lee et al., 2021). The main disadvantage of both DMSO and GVL is their 

high boiling point (189 °C and 205 °C, respectively), which makes the process of 

product isolation expensive. 

As briefly explained in Section 2.2, ILs have been recently utilized in biomass 

conversion, as they have the ability to destroy the hydrogen bond network among 

biomass macromolecules, thus resulting in efficient solvation (Badgujar & 

Bhanage, 2015). However, the anions and cations may also have catalytic effect on 

conversion, and, therefore ILs have been widely used as reaction media for sugar 

dehydration (Teong et al., 2014). While ILs can be used without other catalysts, 

additional catalyst or co-solvents can also be used (Peleteiro, Rivas, Alonso, Santos, 

& Parajó, 2016). One of the important breakthroughs in glucose dehydration to 

produce HMF was achieved using [EMIM]Cl IL with CrCl2 as a catalyst, where 

similar HMF yields were obtained from fructose (65%) and glucose (68%) (H. 
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Zhao, Holladay, Brown, & Zhang, 2007). This was the first time that such a high 

HMF yield was obtained from glucose feedstock. 

DESs, as a part of the ionic liquid family, can be used for similar purposes as 

ILs. DESs have more a complex anion character as compared to ILs, but, generally, 

the halide anions have the ability to form hydrogen bonds with the corresponding 

HBD (Fig. 9) (Carriazo, Serrano, Gutiérrez, Ferrer, & Monte, 2012; Lee et al., 

2021). This results in the delocalization of the charge and provides similar 

physiochemical properties as ILs, although the ion concentration in a DES is lower 

and depends strongly on the DES used (Z. Chen, Ludwig, Warr, & Atkin, 2017; 

Zahn, Kirchner, & Mollenhauer, 2016). A variety of DESs that mainly contain ChCl 

have been utilized in recent years for the dehydration of hexoses and pentoses as 

well as for polysaccharide conversion (De Oliveira Vigier, Chatel, & Jérôme, 2015). 

It is common for additional catalysts to be used to increase the acidity of the DES 

by either using metal chlorides or Brønsted acids. However, DESs without 

additional catalyst have also been used successfully, especially for furfural 

production (Morais, Freire, Freire, Coutinho, & Silvestre, 2020). Furfural yields of 

up to 75% have been reported without the use of extra acid, while HMF yields (3–

67%) are extremely dependent on the additional catalyst and on whether fructose 

or glucose is used as the raw material (Ilgen et al., 2009; Morais et al., 2020; Zuo 

et al., 2017). 

Fig. 9. The chloride anion forms hydrogen bonds with an HBD in DESs. 

One of the most successful methods for preventing secondary reactions is to reduce 

HMF and furfural concentrations in the reactive phase. This is accomplished by the 

biphasic system, i.e. the selective extraction of products during the reaction from 

the reactive phase to the organic phase. Large spectra of various organic solvents 

have been reported over the years, but the most commonly used ones, such as 
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MIBK, butanol, THF, and toluene, are used to extract furans from water (Esteban, 

Vorholt, & Leitner, 2020). The partitioning coefficient (ratio of furan in the organic 

phase to that in the aqueous phase) is an important parameter for determining the 

overall effectiveness of the biphasic media (Román-Leshkov & Dumesic, 2009). In 

addition, the ideal solvent for a biphasic system would have minimal solubility in 

the reactive phase and relatively high volatility with regard to easy recovery when 

compared to furans (Romo, Bollar, Zimmermann, & Wettstein, 2018). 

Catalysts 

Mainly, acids are used as catalysts for HMF and furfural production. The different 

types of catalysts can be divided into the homogeneous and heterogeneous 

categories depending on whether they are solubilized in the reaction media. 

Homogeneous catalysts mainly include mineral acids or metal halides, of which 

mineral acids have the longest history. In HMF production, H2SO4, HCl, and HNO3 

are the most common mineral acids, while the mainstream furfural production 

process use H2SO4 as the catalyst (Zeitsch, 2000; Y. Zhao, Lu, Xu, Zhu, & Wang, 

2021). Diluted acids are preferred for monosaccharide conversion, while more 

concentrated ones can be used with biomass feedstock for hydrolysis and 

conversion. The success of dehydration is mainly dependent on the proper 

combination of acid concentration and temperature. However, since the balance 

between sugar dehydration and furan degradation is very complex, the reactions 

often suffer from poor selectivity. 

Among homogeneous catalysts, metal halides have been of great interest in 

recent years, since they can considerably promote the aldose–ketose isomerization 

and, thereby, improve aldose conversion (Fig. 10) (Choudhary, Pinar, Lobo, 

Vlachos, & Sandler, 2013). However, it is worth remembering that the dehydration 

reaction is still catalyzed by Brønsted acid, and metal chlorides can also provide 

this hydrogen ion in water (after being hydrolyzed). Different metal salts possess 

different catalytic performance, for instance, according to their electronegativity, 

although the raw material and target molecule considerably affect the selection of 

the appropriate metal salt (Y. Zhao et al., 2021). AlCl3, CrCl3, and FeCl3 are perhaps 

the most common ones used for dehydration (Y. Zhao et al., 2021). The highest 

HMF and furfural yields achieved using metal chloride catalysts are 59% from 

glucose and 75% from xylose, respectively (S. Wang et al., 2015; Y. Yang, Hu, & 

Abu-Omar, 2012). If higher yields are desired, additional Brønsted acids can be 

used. 
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Fig. 10. Proposed reaction pathway of aldose–ketose isomerization in the presence of 

metal salt (Modified from Choudhary et al., 2013). 

The disadvantages of homogeneous catalysts are their poor recyclability, 

corrosiveness, and the significant costs incurred by their separation and waste 

treatment processes. Therefore, the use of heterogeneous catalysts is preferred over 

homogeneous ones, and, currently, the development of new solid catalysts is 

drawing a considerable amount of attention in the research field (Dapsens, 

Mondelli, & Pérez-Ramírez, 2012). Heterogeneous catalysts are more complex 

than homogeneous ones; thus, several factors, such as preparation conditions of the 

catalyst, structural properties, accessibility of the acid sites, surface area, pore 

volumes, and nature of acid sites, play important roles in determining the efficiency 

of the catalyst (Saha & Abu-Omar, 2014). 

There are many different classes of heterogeneous catalysts, such as zeolites, 

ion-exchange resins, metal oxides, and carbon-based catalysts (Romo et al., 2018). 

Zeolites are aluminosilicates with a crystalline, microporous framework built from 

oxide tetrahedral (AlO4 and SiO4 moieties) (Ennaert et al., 2016). The zeolite 

framework can be chosen to set pore size, and the acidity can be tuned by atom 

composition, i.e. by changing the Si/Al ratio, as the amount of Al is related to Lewis 

acidity (Y. Wang, Fan, Zhang, & Zhao, 2015). In addition, zeolites can be tuned 

using metals (e.g. with Sn) to create more Lewis acid sites in the framework. Tin 

sites in beta-structured zeolites (Sn-Beta) have been shown to selectively catalyze 

glucose–fructose isomerization in water (Caratzoulas et al., 2014). High yields 

have been achieved from fructose and xylose (74% HMF and 81% furfural) using 

zeolites, but the HMF yields from glucose remain moderate (up to 38%) unless 

additional Brønsted acid is used (Gürbüz et al., 2013; L. Li, Ding, Jiang, Zhu, & 

Wu, 2015; Moreau et al., 1996). Another disadvantage of zeolites is their small pore 

size (5–13 Å), which may limit the diffusion of sugars (6.8–9 Å) (Romo et al., 

2018). 

Acidic ion-exchange resins are desirable catalysts with strong acidity, high 

mechanical stability, macroporous structure, and low cost (Romo et al., 2018). 
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Commercially available sulfonated ion-exchange resins, including Amberlyst, 

Purolite, and Nafion, have been widely used in past research, especially in the 

conversion of fructose into HMF. Yields as high as 100% HMF have been reported 

from fructose, but again poor yields have been achieved from glucose (9%) (Rigal 

& Gaset, 1983; Shimizu, Uozumi, & Satsuma, 2009). This is probably caused by 

the lack of Lewis acid sites, since HMF yields from glucose have been found to 

increase when a basic hydrotalcite was introduced along with Amberlyst (Tuteja, 

Nishimura, & Ebitani, 2012). The main disadvantage of ion-exchange resins is their 

poor thermal stability, which limits the reactions conditions to below 130 °C 

(Kuster, 1990; Qi, Watanabe, Aida, & Richard Lee Smith, 2008). In addition, 

certain problems associated with recycling the material have been reported, which 

are probably caused by the blocking of active catalyst sites (Mittal et al., 2017). 

Metal oxides, mainly TiO2-, ZrO2-, and Nb2O5-based materials, are used for 

sugar dehydration due to their low cost and good acid–base properties (De, Dutta, 

& Saha, 2016; Wiesfeld, Sommerdijk, & Hensen, 2018). The cationic metal centers 

may act as Lewis acid sites, while the anionic oxygen centers may act as Lewis 

bases. In addition, the surface hydroxyl groups can serve as Brønsted acid or base 

sites, as they can give up or accept a proton. ZrO2 has been reported to promote 

isomerization, while TiO2 works better for a combination of isomerization and 

dehydration. With TiO2, it is important to highlight that there is a clear difference 

in the performance of two of its phases (anatase and rutile) (Watanabe, Aizawa, 

Iida, Nishimura, & Inomata, 2005). In addition to TiO2 and ZrO2, Nb2O5 is also 

widely used, as it provides strong surface acidity (Y. Zhao et al., 2012). Despite the 

high Lewis acid character of metal oxides, they suffer from the disadvantage of 

having low Brønsted acidity. Therefore, they are commonly used together with 

mineral acids, and ZrO2 can be used as sulfonated zirconia (SO4
-2/ZrO2) (Agarwal, 

Kailasam, Sangwan, & Elumalai, 2018; Agirrezabal-Telleria, Gandarias, & Arias, 

2014). In addition, metal oxides can also be synthetized on the surface of a support 

(e.g. on mesoporous silica, AlO3 nanofiber, graphene oxide, or carbon black), 

which may benefit the reaction (Agirrezabal-Telleria, García-Sancho, Maireles-

Torres, & Arias, 2013; Jiao et al., 2016; Russo et al., 2013). Overall, the furfural 

and HMF yields have mostly been below 50% (Agarwal et al., 2018; Agirrezabal-

Telleria et al., 2014). 

Carbon-based catalysts have been used for a long time for heterogeneous 

catalysis, but they have only recently received attention in biomass conversion 

reactions due to their porous structure, thermal stability, and tunable character (Lam 

& Luong, 2014; Rodríguez-Reinoso, 1998). Carbon supports are generally 
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amphoteric in nature and exhibit an acid–base character due to containing multiple 

types of oxygenated functional groups, which enhances, for instance, metal 

adsorption (Fig. 11) (Boehm, 1994; Rodríguez-Reinoso & Molina-Sabio, 1992). 

Carbon-based catalyst can be crystalline, such as fullerenes, carbon nanotubes, or 

graphene, but the cheaper alternatives are amorphous carbons produced by 

thermochemical conversion, such as AC. These carbonaceous materials can be 

prepared using various biomasses, such as sugars or lignocellulose, as feedstock. 

The advantage of AC over other amorphous carbons (such as biochar, etc.) is its 

high Brunauer–Emmett–Teller (BET) surface area, which increases the areas of 

contact between reactant particles. 

 

Fig. 11. Some types of oxygen surface groups on carbon surfaces. 

Most of the carbon catalysts used for HMF and furfural production are tuned with 

Brønsted acids. The sulfonation of a carbon surface (with H2SO4) produces 

insoluble SO3H groups, which can catalyze the dehydration. Sulfonated biochar 

was found to provide a 42% HMF yield, while sulfonated lignin produced a 27% 

HMF yield from fructose (Antonyraj & Haridas, 2018; Xiong et al., 2018). The 

reported furfural yields have been higher—65% with sulfonated lignin and 60% 

with Miscanthus x giganteus char (Antonyraj & Haridas, 2018; Y. Wang, Delbecq, 

Kwapinski, & Len, 2017). For glucose dehydration, Mazzotta et al. (2014) 

demonstrated the benefit of combining a carbon-based catalyst with both Brønsted 

and Lewis acidity by using a sulfonated carbonaceous TiO2 catalyst to produce a 

48% HMF yield. 
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3 Materials and methods 

3.1 Feedstocks 

D(+)-glucose, D(+)-xylose, and two different sawdust materials were used as the 

raw materials in the studied reactions. Scots pine (Pinus sylvestris) sawdust and 

birch (Betula pendula) sawdust were obtained from a sawmill in Northern Sweden. 

The hydrolysis lignin that was used as a catalyst support was provided by SEKAB, 

Sweden. 

3.1.1 Characterization of sawdust and unhydrolyzed solid residue 

The ash content of the sawdust was determined using the procedure described by 

Sluiter et al. (2008). To determine organic extractives, a biomass sample (3 g) was 

extracted with 150 mL of acetone for 4 h using Soxhlet extraction equipment 

according to the TAPPI standard (Technical Association of the Pulp and Paper 

Industry [TAPPI], 1999). The produced extractive-free samples were then analyzed 

to determine their lignin and holocellulose content. Klason lignin was determined 

after the biomass had undergone a two-step acid hydrolysis according to the method 

described by Sluiter et al. (2012). Acid-soluble lignin content in the hydrolysate 

obtained from the hydrolysis was determined using ultraviolet-visible spectroscopy 

as per the method described by Ehrman (1996). The total amount of lignin is 

calculated as the sum of the acid-insoluble and acid-soluble lignin. 

Holocellulose was prepared from the extractive-free sample by employing the 

procedure described by Rowell, Pettersen, Han, Rowell, and Tshabalala (2005). 

Generally, 1.15 g of the extractive-free sample, 38 mL of distilled water, 0.25 mL 

of acetic acid, and 0.6 g of sodium chlorite were allowed to react in a 250-mL 

Erlenmeyer flask at 70–75 °C in a water bath. After 60 minutes, an additional 0.25 

mL of acetic acid and 0.6 g of NaClO2 were added. Every hour, 0.25 mL of acetic 

acid and 0.6 g of NaClO2 were further added to the flask. After 5 h, the flask was 

allowed to cool, and the solid holocellulose was filtered. The solid residue was 

washed with distilled water until the yellowish color was removed. Finally, the 

holocellulose was washed with acetone, dried in an oven overnight at 105 °C, and 

weighed. The residual lignin content in holocellulose was determined using a 

method that is similar to the one described earlier. 
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The α-cellulose content of the holocellulose was determined using the methods 

employed by Styarini, Risanto, Sudiyani, and Aristiawan (2012), TAPPI (2009), 

and Yokoyama, Kadla, and Chang (2002). In this procedure, 0.5 g of holocellulose 

and 25 mL of 17.5% NaOH were placed in a 250-mL Erlenmeyer flask and stirred 

until the holocellulose had completely dispersed. The stirrer was then removed and 

washed with 5 mL of 17.5% NaOH to make the total reagent content in the flask 

30 mL. The flask was stirred thoroughly with a glass rod and left in a water bath at 

25 °C. Next, 30 min after the addition of the NaOH reagent, 30 mL of distilled 

water was added to the suspension and stirred thoroughly with a glass rod. The 

flask was left in the bath for another 30 min. Then, the suspension was stirred and 

filtered. The solid α-cellulose was first washed with distilled water, then with 15 

mL of 10% acetic acid, and, finally, with 400 mL of distilled water. The 

hemicellulose content was calculated by subtracting the α-cellulose content from 

the holocellulose content. 

The characterization of unhydrolyzed solid residues (USRs) was performed on 

a smaller scale but using similar procedures as described above. The ash, lignin, 

and extractive content were determined for the pine USR, while only the lignin 

content was analyzed from the birch USR. In addition, the carbohydrate content 

was determined for both USRs via a total hydrolysis and sugar analysis based on 

the work of Sluiter et al. (2012). 

3.2 Catalysts 

Sulfuric acid (95–98%) and formic acid (98%) were used for the hemicellulose 

hydrolysis (Section 4.1.1). Further, AC-based catalysts were prepared and used for 

the conversion of glucose into HMF and of xylose into furfural (Section 4.2.1). 

3.2.1 Activated carbon catalysts preparation 

AC-based catalysts were prepared using the birch sawdust or lignin as the starting 

material. The catalysts support ACW and catalysts ACB, ACB2, ACL, ACL2, 

ACBL, and ACBL2 were prepared from the birch sawdust, while other catalysts 

and supports were prepared using the lignin as feedstock. The feedstock was dried 

in an oven (105 °C) before being treated further. In the preparations, different 

feedstocks (birch sawdust or lignin), activation methods (physical or chemical), 

metal precursors (ZnCl2, FeCl3, or FeNO3), metal concentrations (5, 10, or 15 

wt.%), sulfuric acid concentrations (9M or 18M), and additional treatments (HNO3) 
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were used. The flow sheet for the different catalysts preparations is presented in 

Figure 12. 

 

Fig. 12. Flow sheet for the preparation of catalysts (orange boxes) and catalyst supports 

(grey boxes). Simultaneous carbonization and physical activation: 800 °C, 120 min, H2O 

steam, under N2 flow. Chemical activation: impregnation with ZnCl2/H2O solution for 3 h 

at 85 °C. Carbonization: 600 °C, 2 h, under N2 flow. a) acid modification with 9 M H2SO4; 

b) acid modification with 18 M H2SO4; c) impregnation with ZnCl2 (5 wt.% Zn); d) 

impregnation with ZnCl2 (15 wt.% Zn); e) mixing in 1:1 ratio; f) impregnation with FeCl3 

(5 wt.% Fe); g) impregnation with FeCl3 (10 wt.% Fe); h) impregnation with FeNO3 (5 wt.% 

Fe); i) treatment with 3 M HNO3 for 4 h at 85 °C. 

ACs were prepared either through one-step carbonization and activation (physical) 

or through separate activation (chemical) and carbonization. The one-step 

carbonization and physical activation was performed using a rotating quartz reactor 

(Nabertherm GmbH RSRB 80) and under an N2 flow (200 mL/min). The reactor 

was heated to 800 °C with a ramp of 6.7 °C/min, and the temperature was 

maintained at 800 °C for 2 h. During the isothermal period, water steam (140 °C, 

120 g/h) was introduced into the system. If chemical activation was used, the 

feedstock was impregnated with ZnCl2 using a mass ratio of 2:1 (ZnCl2:biomass). 

First, the ZnCl2 was dissolved into water and was then mixed with the biomass for 

3 h at 85 °C. Finally, the ZnCl2-impregnated biomass was dried in an oven at 105 °C 

until the constant weight was achieved. After chemical activation and drying, 

carbonization was performed using a stainless-steel tube inside a tube furnace 
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(Nabertherm GmbH RT200/13). The reactor was heated to 600 °C with a ramp of 

10 °C/min, and the temperature was maintained at 600 °C for 2 h. During this 

process, the reactor was flushed with N2 (10 mL/min). 

The resultant ACs produced by the carbonization and activation processes, AC1, 

AC2, and AC3, were either directly treated with Brønsted acid (to obtain ACB and 

ACB2) or washed with hot water, dried overnight at 105 °C, crushed, and sieved 

(to obtain ACW, ACst, and ACz) for further processing. The Brønsted acid 

treatment for obtaining ACB and ACB2 was carried out by the reflux method, 

which involved heating the AC1 in reflux system at 80 °C for 2 h with 9 M or 18 M 

H2SO4. The volume of acid used was 10 mL per gram of AC1. After acid treatment, 

the ACBs were filtered and washed with distilled water until the pH of the filtrate 

was neutral. Last, the ACBs were dried overnight at 105 °C. The dried ACBs were 

then extracted using boiling toluene for 2 h to remove any unreacted sulfuric acid, 

after which they were water-washed and then dried again overnight at 105 °C. 

In addition to the already obtained supports (ACW, ACst, and ACz), the ACz 

was further treated with HNO3 to obtain the ACzN support. The process was 

performed in a round-bottom flask, with a 10:1 mass ratio of 3 M HNO3 per support, 

and heated for 4 h at 85 °C. After the acid treatment, the support was filtrated and 

washed with hot distilled water until neutral pH was obtained before finally being 

dried in an oven at 105 °C. 

Next, the ACW, ACst, ACz, and ACzN were treated further with metals either 

to obtain Zn or Fe on the catalyst surface. The metals (targeted concentrations 5, 

10, or 15 wt.%) were impregnated into the AC using the incipient-wetness 

impregnation method, and ZnCl2, FeCl3, or FeNO3 was used as the metal precursors. 

Metal salts were dissolved in distilled water equal to the pore volume of the support, 

mixed with the support, and impregnated at room temperature. In the case of ZnCl2, 

the impregnation was carried out overnight in a rotating mixer (Rotavapor), while, 

in the case of FeCl3 and FeNO3, the impregnation was performed without mixing 

for 5 h. After impregnation, the catalysts were dried overnight at 105 °C and then 

calcined in a chemical vapor deposition (CVD) oven. For Zn catalysts, the 

calcination was performed at 550 °C for 2.5 h with an N2 flow (240 mL/h per g of 

catalyst), while, for the Fe catalysts, this process was performed at a temperature 

of 400 °C for 2 h, and a N2 flow of 10 mL/min was used. 
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3.2.2 Activated carbon catalysts characterization 

Specific surface area and pore-size distribution 

The specific surface areas (SAs) and pore-size distributions were determined from 

the physisorption adsorption isotherms using nitrogen as the adsorbate. The 

measurements were performed using a Micromeritics ASAP 2020 instrument using 

the procedure described in detailed in Paper II and III. The SAs were calculated 

from the determined adsorption isotherms according to the BET method (Brunauer, 

Emmett, & Teller, 1938). The percentual distribution of pore volumes (vol.%) was 

calculated from the individual volumes of the micropores (pore diameter of less 

than 2 nm), mesopores (pore diameter of 2–50 nm), and macro-pores (pore 

diameter of more than 50 nm) using the density functional theory (DFT) model 

(Seaton, Walton, & Quirke, 1989). The instrumental setup enabled the 

measurement of micropores down to 1.5 nm in diameter even if there might have 

been some contribution from smaller pores. The SAs were measured with a 

precision of ~5%. 

Inductively coupled plasma optical emission spectroscopy 

The metal contents of the catalysts and supports were measured by inductively 

coupled plasma–optical emission spectrometry (ICP-OES) using either a Perkin 

Elmer Optima 5300 DV instrument or an Agilent 5110 VDV instrument. Before 

measurement, samples of 0.1–0.2 g were first digested in a microwave oven 

(MARS, CEM Corporation) using the EPA 3051A method with 9 mL HNO3 and 3 

mL HCl (United States Environmental Protection Agency [U.S. EPA], 2007). 

Subsequently, the solution was diluted in 50 mL of water and various metals were 

determined depending on the catalyst. 

X-ray diffraction and X-ray photoelectron spectroscopy 

X-ray diffraction (XRD) was used to study the phases of the metals in the catalysts. 

Further, X-ray diffractograms were recorded using either Rigaku SmartLab 9 kW 

or PANalytical X’Pert Pro XRD equipment, which uses Cu Kα radiation (45 kV 

and, depending on the equipment, 200 or 40 mA, respectively). The X-ray 

photoelectron spectroscopy (XPS) analyses were performed using the Thermo 
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Fisher Scientific ESCALAB 250Xi XPS system. Both these procedures have been 

described in detail in Paper II and III. 

Scanning transmission electron microscopy and scanning electron 

microscopy 

The morphology of the catalyst particles was studied using a JEOL JEM-2200FS 

energy-filtered transmission electron microscope equipped with a scan generator 

(EFTEM/STEM) and a Zeiss Sigma field emission scanning electron microscope 

(FESEM). These procedures have been described in detail in Paper III. 

Temperature-programmed desorption 

The temperature-programmed desorption (TPD) of NH3 was performed using an 

AutoChem II 2920 system. The adsorption of ammonia (50 mL/min of 15% 

NH3/He at 100 °C) was performed for 60 minutes, while the NH3 desorption was 

carried out from 100–800 °C and left for 10 minutes at this temperature. During the 

analysis, a temperature ramp of 10 °C/min and a He flow rate of 50 mL/min were 

employed. A more detailed description of the procedure has been provided in Paper 

II. 

Boehm titration 

The catalyst surface acidity was characterized in Paper III by applying the Boehm 

titration method (Boehm, 1966; Boehm, 1994; Goertzen, Theriault, Oickle, Tarasuk, 

& Andreas, 2010; Oickle, Goertzen, Hopper, Abdalla, & Andreas, 2010; Schönherr, 

Buchheim, Scholz, & Adelhelm, 2018). A total of 100 mg of the catalyst was 

weighed and mixed with 50 mL 0.01 M NaOH. The samples were then shaken (300 

rpm) in sealed tubes for 72 h at room temperature and filtered using a syringe and 

syringe filter (0.45 µm, regenerated cellulose). Next, titration was carried out using 

a back-titration method by taking 10 mL of the filtrate, mixing it with 20 mL of 

0.01 M HCl, and, finally, back-titrating it with 0.01 M NaOH. Based on the theory 

that NaOH neutralizes all the acidic oxygen groups (including phenols, lactonic 

groups, and carboxylic acids) present in the carbon, the acidic groups were 

calculated using equation  
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 𝑛tot,acid

NaOH NaOH HCl HCl NaOH NaOH,titr
tot,acidref

, (1) 

where cNaOH and cHCl are NaOH and HCl concentrations in mol/L, VNaOH and VHCl 

are added NaOH and HCl volumes in mL, VNaOH,titr is the volume of NaOH in mL 

required to achieve equilibrium in titration, m is the mass of carbon weighed, and 

ntot,acidref represents a blank solution without carbon. The factor is taken as ⅕ 

because the measurement of the 10 mL aliquots represent one-fifth of the reaction 

base. The unconsumed base content was neutralized with acid, and the unconsumed 

acid was then quantified through simple acid–base titration. 

3.3 Deep eutectic solvents 

The DESs (ChCl + GA/LaA/OA/MA/CA/Gly/LeA) were prepared by weighing the 

substances in a reaction tube according to specific molar ratios (Table 3). The tube 

was then closed, heated, and stirred vigorously in an oil bath at 70 °C until a 

colorless liquid was obtained. After the DES formation was completed, water was 

added into the solution (0–14 mole eqv., compared to ChCl). The DES that contains 

water has been marked as ChCl/GA/H2O in this thesis. The ChCl/GA DES was 

analyzed using thermogravimetric analysis (TGA), whereas the ChCl/GA/H2O 

DES was analyzed using 1H NMR. In addition, ChCl and GA were analyzed with 
1H NMR to determine their water content. 

Thermogravimetric analysis 

TGA was used to study the stability of the DES under reaction conditions. Two 

different analyses were carried out using a Netzsch STA449F3 thermogravimetric 

analyzer: isothermal analysis (1 h at 170 °C) and dynamic analysis with increasing 

temperature (5 °C/min from 28 °C to 405 °C). Accurately weighed samples (~200 

mg) were then placed into Al2O3 crucibles and heated to the desired temperature 

under nitrogen flow (250 mL/min). 

1H NMR 

1H NMR was used to determine the water content of the ChCl/GA DES and monitor 

the changes in the ChCl/GA/H2O DES during multiple reaction runs. All spectra 
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were recorded using a Bruker Ascend 400 MHz spectrometer using the different 

parameters detailed below. 

The water contents of ChCl and GA were analyzed by recording the 1H NMR 

spectra using dimethyl sulfone as the internal standard and D2O as the solvent. The 

analysis was carried out at room temperature and used 64 scans, four dummy scans, 

a relaxation delay (D1) of 60 s, and an acquisition time of 4 s. The water content of 

D2O was determined using a control sample, and this was subtracted from the real 

samples. After calculating the water contents of both starting materials, these values 

were used to calculate the water content of the DES based on the masses of the 

ChCl and GA present in the same (Paper IV). The changes that occurred in the 

ChCl/GA/H2O DES during recycling were monitored by measuring the 1H NMR 

spectra before the first reaction and after every round of recycling. The samples 

were prepared in D2O and measured at room temperature using 16 scans and a 

relaxation delay (D1) of 1 s. 

3.4 Sawdust degradation reactions 

3.4.1 Acid hydrolysis of sawdust 

The reactions were carried out using a Parr pressure reactor. A 300-mL Teflon cup 

was used as a reaction vessel inside the stainless-steel reactor. The pine sawdust 

(7.5 g) was weighed and put into the reaction vessel, and 150 mL of the studied 

acid solution was added to it (the liquid-to-wood ratio was maintained at a constant 

20 mL/g). Sulfuric acid, formic acid, or a mixture of these acids was used at 

different concentration levels, as described in Table 1. After the addition of the 

feedstock and acid, the reactor was closed and heated to the desired temperature 

(100 °C, 120 °C, or 140 °C). After a reaction time of 1–2 h, the samples were cooled 

with an ice bath and filtered using a 0.45-µm polytetrafluoroethylene (PTFE) 

syringe filter to prepare them for a sugar analysis through high-pressure liquid 

chromatography (HPLC). The solid residue was washed with 100 mL of water, 

dried, and weighed. 
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Table 1. Different acids used in pine sawdust hydrolysis (Reprinted [adapted] under CC 

BY 4.0 license from Paper I © 2018 Authors). 

Acid type Concentration levels (wt.%) and pH 

Low Medium High 

H2SO4 0.5 (1.30) 1.5 (0.90) 2.5 (0.73) 

HCOOH 15 (1.38) 30 (0.95) 40 (0.61) 
H2SO4     

HCOOH
 0.5

5.5
 (1.16) 0.5

10
 (1.09) 0.5

15
 (1.01) 

The monosaccharides (mannose, xylose, galactose, glucose, and arabinose) as well 

as the HMF and furfural were determined from the hydrolysates using HPLC. An 

Agilent 1200 series chromatograph equipped with an ICSep ICE-Coregel 87H3 

(Transgenomic) column was used. The mobile phase was 5 mM sulfuric acid with 

a flow rate of 0.8 mL/min, and the column was operated at a temperature of 60 °C. 

The compounds were detected using a refractive index detector. The quantitation 

of the compounds was based on multiple-point external calibration, and the validity 

and reproducibility of the calibration was confirmed by measuring the control 

samples with each sample sequence. All the samples were measured as duplicates, 

and the results have been reported as the average values obtained. 

The yields Y of the obtained products (glucose and hemicellulose sugars) were 

calculated based on the pine sawdust cellulose and hemicellulose contents 

(determined to be 26 and 44 wt.%, respectively) and using the estimated hexose– 

pentose ratio (7:3) in the pine hemicellulose according to equations  

 𝑌total glucose
glucose

. sawdust

.

.
100% (2) 

and  

 𝑌hemicellulose sugars
man xyl gal ara glu

. sawdust

. ∗ . . ∗ .

. ∗ . . ∗ .
100%. (3) 

A more detailed description of the equations has been presented in Paper I. 

3.4.2 Deep eutectic solvent treatment of sawdust 

The reactions were performed according to the experimental design (mixed full 

factorial experimental design with central points, Paper IV), and they were 

executed in a Biotage Initiator microwave reactor using 2–5 mL glass tubes. First, 

the DES was prepared in the reaction tube as described in Section 3.3. Next, birch 

sawdust (128/150/186 mg) and MIBK (2 mL) were added to it. The amount of 
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sawdust varied according to water content of the DES (63/490/1225 µL), as the 

solid-to-liquid ratio was kept constant at 0.05. After the reaction was complete, the 

tube was cooled, and the MIBK layer was separated using a syringe and needle. 

The DES was further extracted using 3 × 6 mL MIBK, and the extracted solution 

was evaporated into a smaller solvent volume. The concentrated MIBK solution 

was then diluted with methanol and filtered with a 0.45-µm PTFE syringe filter 

prior to HPLC analysis. 

The HPLC analysis that was conducted to determine HMF and furfural yield 

was carried out using a Waters 2695 separation module, a Waters 996 photodiode 

array (PDA) detector, and an Atlantis T3 (3 μm, 4.6 × 150 mm) column. A mixture 

of water (0.1% TFA) and methanol (0.1% TFA) (90:10) was used as the mobile 

phase, with a flow rate of 1 mL/min. The column temperature was kept constant at 

30 °C. UV detection for HMF was performed at 284 nm, while 277 nm was used 

as the wavelength for furfural. The calibrations were performed using commercial 

HMF and furfural, and all the samples were analyzed as duplicates. 

By using the determined amounts of C6 and C5 sugars in the birch sawdust, 

which were 42 and 22 wt.%, respectively (Paper IV), the yields of the obtained 

products (HMF and furfural) were calculated according to equations  

 𝑌HMF
HMF

. sawdust

.

.
100% (4) 

and  

 𝑌furfural
furfural

. sawdust

.

.
100%. (5) 

3.5 Conversion of sugars to 5-hydroxymethylfurfural and furfural 

All conversions were performed in a Biotage Initiator microwave reactor using 2–

5 mL glass tubes. The typical procedure was as follows: The starting material 

(glucose or xylose) was weighed and put in a glass tube, and the catalyst (AC-based, 

homogeneous mineral acid or metal salt), possible phase separator (NaCl), and 

water were added to it (Table 2). As an exception, when the DES was used as the 

reaction media, it was first prepared in a reaction tube (Section 3.3), and the sugars 

were added to it. The organic phase (THF or MIBK) was added on top of the 

reaction mixture, and the tube was sealed and placed in a microwave reactor under 

the specified conditions (Table 2). 
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Table 2. Reagent amounts and reaction conditions used in different sugar conversions 

(Papers II–IV). 

Feedstock  Catalyst NaCl Reactive  

phase 

 Organic 

phase 

T 

(°C) 

t 

Type Amount  Type Amount  Type Amount  Type Amount   

glu 45 mg 

0.25 mmol  
AC 3 mg 

0.4–23 

µmola 

0.35 g water 1 mL  THF 3 mL 160 0.5–

8 h 

xyl 37.6 mg 

0.25 mmol  
AC 5 mg 

3.6 µmolb 

- water 1 mL  MIBK 3 mL 160–

180 

0.5–

3.5 

h 

 
Metal 

salt 

3.6–50 

µmol 

 

Mixture: 

glu 

 

xyl 

 

80 mg 

0.44 mmol 

48 mg 

0.32 mmol 

 
DES GA: 

1.55 g  

20 mmol 

ChCl: 

0.95 g  

6.8 mmol 

- DES 

 

2–3.2 mL  MIBK 2 mLc 150–

170 

10–

30 

min 

  

 
 H2O: 

0–1225 µL 

0–95.2 

mmol 

        

a amount of Zn/H+ in catalysts; b amount of Fe in catalysts; c plus extracted with 2*2 mL of MIBK after the 

reaction 

After the reaction was complete, the HMF and furfural contents in the organic phase 

were measured using HPLC, and the results were used to calculate the yields by 

using equation  

 𝑌 obtained org

theoretical
100%. (6) 

The HPLC analysis was similar to that described in Section 3.4.2. In Paper II, gas 

chromatography–mass spectrometry (GC-MS) was used as an analytical method 

parallel to HPLC (more detailed information about this has been provided in Paper 

II). In Paper IV, the HPLC samples were diluted in methanol before analysis to 

prevent peak tailing. 

If water was used as the reactive phase, it was also analyzed with HPLC, while, 

for DES reactions, only certain DESs were analyzed. The HPLC analysis of water 

was similar to the organic phase (Section 3.4.2), but a different column (Atlantis 

dC18, 5 μm, 4.6 × 150 mm) was used for DES, and the samples were diluted with 
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water (1:1) prior to analysis. In the DES reactions, the ratio of the reactive and 

extractive phase was higher than that in the water reactions. Thus, the extra 

extractions were carried out after the reactions were complete. 

In addition to the HMF and furfural concentrations, the sugar concentrations 

were determined after the conversion reactions in Paper II and III. These 

concentrations were used to calculate the conversion and reaction selectivity by 

equations  

 𝐶 initial sugar final sugar

initial sugar
100% (7) 

and  

 𝑆 obtained tot

reacted sugar
100%. (8) 

In Paper II, the glucose was determined using the YSI 2700 Select Biochemistry 

Analyzer, and the glucose solution (2.5 g/L) was taken as the standard. In Paper III, 

the xylose was determined using a Shimadzu LC-20AT liquid chromatograph 

instrument fitted with an SIL-20A TH autosampler, RID-20A refractive index 

detector, SUGAR SH-G pre-column, and Shodex SUGAR SH1821 column (8.0 × 

300 mm). Sulfuric acid (5 mM) was used as a mobile phase, with a flow rate of 0.8 

mL/min, and the column temperature was kept constant at 60 °C. In Paper IV, where 

the DES was the reactive phase, and glucose and xylose were used as the starting 

materials, the determination of sugars after conversion was difficult. As a result, 

only glucose was successfully determined through direct infusion into the mass 

detector. Quantitation was performed by establishing the calibration curve with 

commercial glucose in a sample matrix. 

Recycling experiments were carried out in Papers II–IV. In the glucose 

reactions, recycling was carried out by recycling the whole water phase (along with 

the AC catalyst) and adding a new portion of glucose and THF during each run. In 

the xylose reactions, the AC catalyst was separated, washed with methanol (4 + 10 

ml) and water (3 × 10 ml), and dried in an oven (60 °C) before being processed 

further. The recycled catalysts were also analyzed using scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). In the DES 

reactions, the used DES was extracted using 3 × 6 mL MIBK and filtered through 

cotton wool before being used in the next round. 
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4 Results and discussion 

The experimental results of this thesis can be divided into two sections, in which 

sawdust utilization is studied from different perspectives. The Section 4.1 deals 

with sawdust degradation using either acid hydrolysis or DES treatment. In this 

part, sawdust was used as the starting material, and monomeric sugars or platform 

chemicals were the desired products. In the Section 4.2, monomeric sugars were 

used as the starting material, and the aim was to convert them into HMF and 

furfural. The conversions were carried out in a biphasic reaction system, either 

water or DES were used as the reactive phase, and an organic solvent was used as 

the extractive phase. When the conversions were performed in water, AC-based 

catalysts were used. Therefore, the prepared AC catalysts and their characteristics 

are also discussed in brief. 

4.1 Selective sawdust degradation 

Sawdust degradation was carried out using either acid hydrolysis or DES treatment. 

The degradation was intended to be selective, meaning that only the desired parts 

of the sawdust would decompose. In acid hydrolysis, hemicellulose sugars were 

intended products, while, in DES treatment, the purpose was to directly produce 

high-value products (i.e. HMF and furfural). 

4.1.1 Acid hydrolysis of sawdust 

Traditional acid hydrolysis was carried out for pine sawdust in Paper I. The reaction 

time (1–2 h), temperature (100–140 °C), type of acid (sulfuric acid, formic acid, or 

a mixture of the two), and acid concentration were varied to obtain high 

hemicellulose sugar concentration in the hydrolysate. At the same time, low 

cellulose hydrolysis to glucose was attempted. As seen in Figure 13, the amount of 

glucose is highly dependent on the reaction temperature, which means that, at high 

temperatures (140 °C), the cellulose degrades. The dotted line in Figure 13 

represents the maximum amount of glucose that can be produced from 

hemicellulose, and when the reaction temperature was 140 °C, the amount of 

glucose was mostly more than this maximum value. At lower temperatures (100 °C 

and 120 °C), the yield of glucose stayed below the line, suggesting that the 

produced glucose originated from the hemicellulose. The type of acid or reaction 

time did not have as significant an impact on cellulose degradation as temperature. 
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Fig. 13. Influence of reaction temperature (red/orange/blue lines), acid type, and acid 

concentration on glucose yield as a function of time (Reprinted under CC BY 4.0 license 

from Paper I © 2018 Authors). 

When the effects of the same variables on the amount of hemicellulose sugars in 

the hydrolysate were examined, the temperature was not found to be the dominant 

parameter anymore (Fig. 14). However, a lower temperature of 100 °C produced 

the lowest hemicellulose sugar yields (47% at highest) with all acids. The 

temperatures of 120 °C and 140 °C were both suitable for producing yields up to 

71%, and no clear distinction was observed between these temperatures when the 

hemicellulose sugar yields were compared. However, since it was observed that a 

temperature of 140 °C degrades the cellulose among the hemicellulose, the 

1 1.5 2
0

2

4

6

8

10

12

14
 140 C
 120 C
 100 C

15 % HCOOH + 0.5 % H2SO4

2.5 % H2SO4

40 % HCOOH

0.5 % H2SO4

10 % HCOOH + 0.5 % H2SO4

15 % HCOOH + 0.5 % H2SO4

1.5 % H2SO4

2.5 % H2SO4

5.5 % HCOOH + 0.5 % H2SO4

5.5 % HCOOH + 0.5 % H2SO4
Y

ie
ld

 o
f 

to
ta

l g
lu

co
se

(m
ol

-%
 o

f 
to

ta
l g

lu
co

se
)

Time (h)

30 % HCOOH
10 % HCOOH + 0.5 % H2SO4

15 % HCOOH
1.5 % H2SO4

0.5 % H2SO4

40 % HCOOH

0

1

2

3

4

5

6

7

8

Y
ie

ld
 o

f 
to

ta
l g

lu
co

se
(w

t-
%

 o
f 

w
oo

d)



53 

temperature of 120 °C was concluded to be the most suitable. Therefore, only this 

temperature has been analyzed further. 

The effect that the type of acid has was studied first with single-acid solutions 

(sulfuric acid and formic acid) and then with a mixture of those acids. The idea 

behind using an acid mixture was to reduce the volume of single acids in the 

reaction solution and, thereby, increase the pH of the solution. At 120 °C, sulfuric 

acid was used in concentrations of 0.5%, 1.5%, and 2.5%, and formic acid was used 

in a concentration of 40%. When these acids were used, the yield of hemicellulose 

sugars increased with time, but the increase was found to be steep with the 0.5% 

sulfuric acid and the 40% formic acid (Fig. 14a and 14b). Therefore, the optimal 

reaction time was two hours for these, and a yield of 57% was obtained for 

hemicellulose sugars for 0.5% sulfuric acid and that of 64% was obtained for 40% 

formic acid. In contrast, the 1.5% and 2.5% sulfuric acids produced good yields in 

a shorter reaction time; a one-hour reaction produced 61% and 66% yields, 

respectively. When the reaction time was increased to two hours, the yields 

increased to 67% and 71%, respectively. In addition to single acids, mixtures of 

0.5% sulfuric acid and 5.5%/10%/15% formic acid were used at 120 °C (Fig. 14c). 

All the mixtures provided similar results with a two-hour reaction time: 62%, 

62%m and 64% yield of hemicellulose sugars, respectively. These results were 

comparable to those obtained when using the 1.5% sulfuric acid or 40% formic acid 

alone (67% and 65%) even though the amounts of acids were considerably lower 

in the acid mixture. 

The volumes of HMF and furfural were low in all experiments, which 

confirmed that a majority of the produced sugars had not reacted further. The HMF 

concentration was less than 0.5 g/L (equal to less than 2 mol.% of the total glucose), 

while the furfural concentration was less than 1 g/L (equals to less than 8 mol.% of 

the pentose sugars). 
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4.1.2 Simultaneous hydrolysis and conversion of sawdust in deep 

eutectic solvent 

Selection of deep eutectic solvent 

The spectra of the existing DESs is enormous, and, even if the research interest was 

confined to DESs that have ChCl as an HBA, the possibilities were wide. The 

selection of a suitable DES started with their preparation, for which low viscosity 

and a mild preparation temperature were required. Table 3 presents the prepared 

DESs with different constituents and molar ratios, their viscosities, and the 

circumstances needed for their preparation. The structures of the HBA and the 

different HBDs used are presented in Figure 15. All the DESs were first heated in 

an oil bath at 70 °C, and, in case they were solid after a day of heating, the 

temperature was raised gradually until they turned into a liquid. Based on the 

observations, ChCl/GA, ChCl/LaA, and ChCl/Gly seemed to be the most 

promising DESs’, as they formed quickly at low temperatures and had low viscosity 

after preparation (Table 3). Within these, glycerol does not contain acidic groups in 

its structure, so it was eliminated. LaA and GA were both used to convert xylan 

into furfural through the method described by Morais et al. (2020), and GA was 

found to produce higher furfural yields. In addition, as GA is much cheaper than 

LaA, it was considered the most reasonable choice for an HBD. 

 

Fig. 15. Structures of the HBA and HBDs used for DES preparation. 
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Table 3. Preparation of different DESs and their viscosities. 

DES  Needed circumstances  Viscosity (1 = low, 3 = high) 

HBA HBD Molar ratio  T ( °C) Time  Hot Cold Next day 

ChCl OA         

  1:1  70 < 1 hour  2 3 3 

  1:2  95 day  2 3 3 

ChCl CA         

  1:0.5  110 week  3 3 3 

ChCl Urea         

  1:2  70 < 1 day  1 2 solid 

ChCl MA         

  1:0.7  80 1 day  3 3 3 

  1:2  95 3 days  2 3 3 

  1:3  95 3 days  1.5 3 solid 

ChCl GA         

  1:1  70 < 30 min  1 2 3 

  1:2  70 < 30 min  1 1 1 

  1:3  70 < 30 min  1 1 1 

ChCl LaA         

  1:2  70 < 30 min  1 1 1 

  1:10  70 < 30 min  1 1 1 

ChCl Gly         

  1:2  70 < 30 min  1 1 1.5 

ChCl LeA         

  1:1  70 < 2 hours  1 3 solid 

OA = oxalic acid, CA = citric acid, MA = malic acid, GA = glycolic acid, LaA = lactic acid, Gly = glycerol, 

and LeA = levulinic acid 

HMF and furfural production from sawdust 

DES treatment (Paper IV) was performed at a higher temperature than acid 

hydrolysis, as the aim of this treatment was to produce high-value-added products 

such as HMF and furfural, which demand higher temperatures than sugar 

production. The selected ChCl/GA DES was modified with water, since the 

biomass hydrolysis reaction to produce sugars benefits from the use of water. The 

experimental design was used to study the effect of the selected variables, namely 

temperature (150–170 °C), time (10–30 min), and water content of DES (0.5, 4, or 

10 equivalents compared to ChCl). A mixed full-factorial design with central points 

was proposed by the MODDE Pro software, and, thus, this design was used. 
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Table 4 displays the reactions carried out and the produced HMF and furfural 

yields. It can be seen that the HMF yields were quite poor (up to 3.9%), but the 

furfural yields were more reasonable (up to 37.5%). The maximum HMF yield was 

obtained at 170 °C in 30 min using 10 equivalents of water, while the highest 

furfural yield was obtained using a similar temperature and volume of water but a 

shorter 10-min reaction time. It is common to observe a shorter reaction time in 

furfural production as compared to HMF production in the case of lignocellulosic 

biomass, as crystalline cellulose is less reactive than amorphous hemicellulose (H. 

Yang et al., 2006). Thus, the amount of water and the reaction temperature were 

found to be the most important factors that positively affect both yields (model 

provided in Paper IV). The role of water is most likely related to the nature of the 

hydrolysis reactions, i.e. biomass hydrolysis to produce sugars requires water. 

Temperature is an important variable for producing a sufficient amount of energy 

to overcome the activation energy needed for biomass hydrolysis and sugar 

conversion. 

Table 4. Used reaction factors and obtained results of the mixed full-factorial design 

used to convert birch sawdust to furfural (Reprinted under CC BY 4.0 license from Paper 

IV © 2021 Authors).  

Temperature  

( °C) 

Time 

(min) 

Water 

(eqv.) 

HMF yield  

(%) 

Furfural yield 

(%) 

150 10 0.5 0 6.2 

170 10 0.5 0.4 17.3 

150 30 0.5 0.3 14.2 

170 30 0.5 0.5 13.1 

150 10 4 0.4 10.7 

170 10 4 1.7 25.9 

150 30 4 1.1 21.4 

170 30 4 2.2 29.2 

150 10 10 0.4 7.5 

170 10 10 2.9 37.5 

150 30 10 1.5 26.2 

170 30 10 3.9 34.6 

160 20 4 0.8 23.1 

160 20 4 1.3 26.8 

160 20 4 1.4 24.1 

The low HMF yields and the relatively high furfural yields suggest that it is possible 

to perform sawdust fractionation to directly obtain high-value products. A high 
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reaction temperature was not found to cause simultaneous HMF and furfural 

production at least when the acidity of the catalyst was mild (DES). However, to 

fully understand the reactions that occur during a conversion carried out in a DES, 

it would be necessary to measure the sugar content of said DES after the reaction. 

This could verify whether the cellulose is being hydrolyzed into glucose. If this is 

the case, the treatment is not as selective as acid hydrolysis at lower temperatures 

(Paper I). 

4.1.3 Comparison of the produced unhydrolyzed solid residues of 

sawdust degradation 

The USRs produced during the sawdust degradations were characterized to 

determine their composition. The degradation was intended to be selective, and, 

hence, by analyzing the USRs, it could be verified whether this had been achieved. 

Both the pine and the birch USRs were composed mainly of cellulose and lignin 

(Table 5). The pine USR, which was produced by acid hydrolysis, contained 51% 

cellulose, 40% lignin, and 7% hemicellulose sugars. At a higher temperature, the 

produced birch USR did not contain any hemicellulose sugars and was roughly 

composed of half lignin (52%) and half cellulose (49%). The difference in the 

hemicellulose content was considered reasonable, as amorphous hemicellulose 

hydrolyzes easily at high temperatures. However, the lignin content of the DES 

USR (52%) was higher than that of the acid hydrolysis USR (40%). As lignin is 

mostly insoluble in acid, the higher proportion of lignin content is most likely 

associated with the lower cellulose content of the DES USR. At a temperature of 

170 °C, it is possible that the cellulose gets hydrolyzed into glucose, and the glucose 

does not react further to convert into HMF. Therefore, the degradation at lower 

temperatures was likely more selective even though some hemicellulose remained 

after the treatment.  
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Table 5. Chemical composition of the pine and birch sawdust as raw materials and after 

degradation (Papers I and IV). 

 Pine (wt.%) USR pinea (wt.%) Birch (wt.%) USR birchb (wt.%) 

Ash 1 0 1 ND 

Extractives 3 0 4 ND 

Lignin 26 40 24 52 

Cellulose 44 51c 38 49c 

Hemicellulose 26 7d 33 0e 

ND = not determined; a After acid (0.5% H2SO4 + 10% HCOOH) treatment at 120 °C for 2 h 
b After DES treatment at 170 °C for 10 min; c Detected as glucose after USR hydrolysis 
d Detected as mannose after USR hydrolysis; e Detected as xylose after USR hydrolysis 

4.2 Conversion of lignocellulosic monosaccharides into 5-

hydroxymethylfurfural and furfural 

The conversion of glucose and xylose into HMF and furfural, respectively, was 

carried out using a biphasic system because the extracting phase prevents side 

reactions and, thus, enhances reaction selectivity and yield (Saha & Abu-Omar, 

2014). Water or a DES was used as the reactive phase, and, depending on this aspect, 

either AC catalysts were used or no additional catalyst was used. 

4.2.1 Biphasic conversion using water and activated carbon 

catalysts 

Activated carbon catalysts 

Different AC-based catalysts were used to catalyze the conversion of sugars into 

HMF or furfural in water/organic solvent media. AC serves as a potential support 

for catalysts, as it is a low-cost material, has a large specific SA, porous structure, 

high thermal stability, and its surface contains hetero atoms such as oxygen, which 

provide its acid–base character (Bandosz, 2008; Figueiredo & Pereira, 2010; Lam 

& Luong, 2014; Rodríguez-Reinoso & Molina-Sabio, 1992). By impregnating 

metals into the ACs’ surface or chemically functionalizing it, for instance, with an 

acid, one can improve ACs’ catalytic activity further (Figueiredo, Pereira, Freitas, 

& Órfão, 1999; Moreno-Castilla, López-Ramón, & Carrasco-Marı́n, 2000; Y. Yang, 

Chiang, & Burke, 2011). The catalysts studied in this thesis were designed to have 

either Brønsted or Lewis acid sites on their surface, as the dehydration of 
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monosaccharides is generally catalyzed by mineral acids or metal salts (Mika, 

Cséfalvay, & Németh, 2018). 

Birch sawdust was used as the starting material for AC1, ACW, ACB, ACB2, 

ACL, and ACL2, while others were made from lignin (Fig. 12). When comparing 

similarly prepared AC supports obtained from different feedstocks (ACW and 

ACst), they seemed to have approximately similar SAs, average pore-size 

diameters, and number of meso- and micro-pores (Table 6). In addition, AC1, which 

was identical to ACW except that it had not been washed, presented extremely 

similar results for BET and DFT. According to XPS, the birch-based ACW 

contained slightly more oxygen than lignin-based ACst (Table 7). This oxygen can 

be present, for instance, as hydroxyl, carboxyl, or carbonyl groups or as lactone or 

anhydride, which are all typical examples of the acidic groups found on the surface 

of AC (Figueiredo & Pereira, 2010). The number of total acidic groups was very 

different for ACW (0.45 mmol/g) and ACst (0.07 mmol/g), but these differences 

can be explained by the different characterization method used, which makes the 

values incomparable to each other. ACW (and the catalysts based on it) was 

characterized with NH3-TPD, while the ACst (and other catalysts made from lignin) 

were titrated using the Boehm titration method. NH3-TPD is a more reliable method 

for determining surface acidity, while Boehm titration can be used to compare 

samples to each other. However, the latter is rarely used to determine the exact 

values for acidity. This is because Boehm titration has been shown to account for 

only half of the total oxygen content of carbon, and, therefore, this method might 

result in misestimated values of the total surface chemical groups (Boehm, 2002; 

Tessmer, Vidic, & Uranowski, 1997). The chemical activation method was found 

to increase the SA and pore volume of ACz and ACzN as compared to the AC 

supports prepared using steam activation (Table 6). 
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Table 6. Characterization of the prepared AC supports and catalysts using ICP-OES, 

BET, and DFT (Papers II and III). 

Sample ICP-OES  BET  DFT 

Zn 

(wt.%) 

Fe 

(wt.%) 

S 

(wt.%) 

 SA 

(m2/g) 

Pore 

diam. 

(nm) 

 Meso 

(cm3/g) 

Micro 

(cm3/g) 

Total 

(cm3/g) 

AC1 ND ND ND  800 2.73  0.24 0.23 0.47 

ACB ND ND 0.37  560 2.87  0.17 0.16 0.33 

ACB2 ND ND 0.24  700 3.29  0.30 0.18 0.49 

ACW 0.07 ND 0.12  860 2.74  0.23 0.25 0.48 

ACL 1.7 ND ND  830 2.74  0.22 0.24 0.47 

ACL2 1.8 ND ND  820 2.71  0.22 0.24 0.46 

ACst 0.01 0.06 ND  760 2.90  0.26 0.21 0.47 

5Fe-ACst ND 4.0 ND  455 3.44  0.23 0.11 0.34 

10Fe-ACst ND 9.2 ND  380 3.15  0.16 0.10 0.26 

ACz 8.2 0.08 ND  1470 2.29  0.31 0.41 0.72 

5Fe-ACz 4.6 5.0 ND  1000 2.28  0.19 0.29 0.48 

5FeNO3-ACz 3.8 4.5 ND  948 2.16  0.15 0.29 0.45 

ACzN 0.07 0.06 ND  1091 2.15  0.16 0.33 0.49 

5Fe-ACzN 0.08 5.5 ND  790 2.07  0.10 0.25 0.35 

ND = not determined  

When the catalyst supports were modified using metals, the SA and the total pore 

volume of all the catalysts decreased. This is expected, as the metals are deposited 

on the surface and go into the pores. The measured Fe, Zn, and S contents of the 

catalysts and the supports are presented in Table 6 and were used to evaluate the 

success of the modification. The nominal Zn contents in ACL and ACL2 were 5 

and 15 wt.% Zn, respectively, while the obtained amounts were only 1.7 or 1.8  

wt.% (Paper II). In Paper III, the impregnation of Fe was much more successful, as 

4.0–5.5 wt.% of Fe was obtained when the nominal content was 5 wt.%, and 9.2 

wt.% of Fe was obtained when the nominal was 10 wt.%. The sulfur contents of 

the acid-treated ACB and ACB2 were 0.37 and 0.24 wt.%, respectively, which 

suggested an addition of sulfur during the H2SO4 treatment. However, the higher 

sulfur content of ACB as compared to ACB2 was not related to higher acidity nor 

higher oxygen content (Tables 6 and 7). 



 

62 

Table 7. Surface analysis of selected AC supports and catalysts using XPS, NH3-TPD, 

and Boehm titration (Papers II and III). 

Sample  Total C-% 

at.% 

Total O-% 

at.% 

Total S-% 

at.% 

Total Zn-% 

at.% 

Total Fe-% 

at.% 

Total Cl-% 

at.% 

Total acidic 

groups 

(mmol/g) 

ACB 93.4 6.3 0.2 - - - 0.45a 

ACB2 87.4 12.4 0.1 - - - 1.32a 

ACW 95.7 4.3 - - - - 0.45a 

ACL 95.4 3.9 - 0.4 - 0.19 0.75a 

ACL2 94.5 4.6 - 0.6 - 0.21 0.62a 

ACst 96.8 3.0 - - - - 0.07b 

5Fe-ACst 93.7 4.1 - - 0.6 1.5 1.77b 

10Fe-ACst 86.2 9.6 - - 2.4 1.6 1.95b 

a according to NH3-TPD; b according to Boehm titration 

Through the XRD analysis, it was verified that Zn and Fe were present in the form 

of oxides on the surfaces of the catalysts. ZnO was obtained from ACL and ACL2, 

while Fe3O4 (magnetite) and Fe2O3 (hematite) were obtained from 5Fe-ACst and 

10Fe-ACst, respectively. In the case of the Fe catalysts, the results were verified 

using the chemical mapping function of energy-dispersive x-ray spectroscopy in 

STEM (STEM-EDS). It was observed that Fe and O appeared at the same locations, 

which refers to the iron oxide particles (Paper III). No metal chlorides were 

detected in the case of the Zn or Fe catalysts; but chlorides were still found to be 

present in some form based on XPS (Table 7). The chemical mapping of STEM-

EDS showed an even distribution of Cl on the surface of carbon at least for 5Fe-

ACst (Paper III). 

Surface groups that contained acidic oxygen were observed using the XPS, 

NH3-TPD, and Boehm titration methods (Table 7). As per XPS, ACB2 had the 

highest oxygen content (12.4 at.%), which was an expected outcome of the 

concentrated sulfuric acid treatment. A closer look at the XPS spectra revealed a 

relatively high signal at 533 eV, which can correspond to the single-bonded oxygen 

atoms, for instance, from the hydroxyl groups of the phenol type or to the S–O 

bonds, for example, in the sulfonic acid groups (Paper II). Further, the signal 

observed at 531 eV was assigned to the C=O double bonds in the carbonyl groups 

as well as to the S=O double bonds in the sulfonic acid groups. For ACB, the 

oxygen content as well as the signals at 531 eV and 533 eV were smaller than those 

for ACB2, which suggests lower functionalization. In addition, according to NH3-

TPD, the number of acidic groups was smaller in ACB than that in ACB2. In 
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addition to the acid-treated catalysts, the metal-impregnated catalysts also 

contained more oxygen than their supports, with the exception of ACL (Table 7). 

The oxygen content was found to be higher when the metal content was higher 

presumably because of the metal oxides. Further, the number of total acid sites was 

higher in metal-impregnated catalysts than in their supports. Presumably, the acidic 

oxygen functionalities are formed during metal impregnation as a consequence of 

the HCl formation brought about by metal chloride hydration in the water solution. 

It has been reported in the literature that metal ions markedly influence the pH of 

the impregnation solution and, thereby, the oxidizing power of such a solution for 

the AC support (Barroso-Bogeat, Alexandre-Franco, Fernández-González, & 

Gómez-Serrano, 2019). 

To conclude the discussion on the prepared AC catalysts, the following list 

includes their most important characteristics with regard to sugar conversion: 

– All the prepared catalysts had a high SA and porous structure. 

– Chemical activation as an activation method increased the catalysts’ SA, pore 

volume, and relative number of micro pores as compared to steam activation. 

– Without any modification (using acids or metal salts), the catalyst supports 

already contained oxygen functionalities and had an acidic character. 

– Metal impregnation was more successful when using Fe than Zn. 

– Brønsted acid treatment created oxygen functionalization, such as hydroxyl 

groups and sulfonic acid groups, and this functionalization was more effective 

with 18 M sulfuric acid than with 9 M sulfuric acid. 

Glucose to HMF (Paper II) 

The prepared birch sawdust-based catalysts (ACB, ACB2, ACL, ACL2, ACBL, and 

ACBL2) as well as the support material (ACW) were used to convert glucose into 

HMF in the biphasic media that consisted of water and THF. Since THF and water 

are miscible with each other, NaCl was used as a phase separator. The reactions 

were carried out at 160 °C with an 8-h reaction time either without catalyst, with 

AC catalysts, or with homogeneous sulfuric acid or zinc chloride (Table 8). The 

conversion reaction carried out without a catalyst provided only a 1% HMF yield, 

which indicated that the THF/water mixture could not catalyze the reaction by itself 

and acted only as a solvent (Table 8, Entry 1). Another reference reaction with NaCl 

but without any other catalyst increased the HMF yield to 35%, but the reaction 

selectivity was only 44% (Table 8, Entry 2). When the prepared catalysts were 
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introduced into the reaction system, the HMF yield and the reaction selectivity 

increased further. With ACW, the HMF yield increased to 44%, and the reaction 

selectivity increased to 57% (Table 8, Entry 3). This improvement in yield was 

probably due to the acidity of the oxygen-containing groups present on the surface 

of the ACW.  

Table 8. Conversion of glucose into HMF using various catalysts and solutions 

(Reprinted, with permission, from Paper II © 2019 Elsevier B.V.). 

Entry System Catalyst HMF yield (%) Selectivity (%) 

1 water/THF - 1 ND 

2 water/THF/NaCl - 35 44 

3 water/THF/NaCl ACW 44 57 

4 water/THF/NaCl ACB 46 ND 

5 water/THF/NaCl ACB2 48 67 

6 water/THF/NaCl ACL 47 ND 

7 water/THF/NaCl ACL2 49 67 

8 water/THF/NaCl ACBL 48 ND 

9 water/THF/NaCl ACBL2 51 78 

10 water ACBL2 15 ND 

11 water/NaCl ACBL2 10 ND 

12 water/THF/NaCl H2SO4
a 37 47 

13 water/THF/NaCl ZnCl2b 35 43 

14 water/THF/NaCl H2SO4 + ZnCl2c 33 45 

Reaction conditions: 3 mg catalyst, 45 mg glucose, 0.35 g NaCl, 1 mL water, 3 mL THF, 160 °C, 8 h. a 

1.944 mM H2SO4 (corresponding to 3 mg ACB2), b 0.1158 g/L ZnCl2 (corresponding to 3 mg ACL2), c 

0.972 mM H2SO4 and 0.0579 g/L ZnCl2 (corresponding to 3 mg ACBL2) 

When ACB, ACB2, ACL, or ACL2 were used as the catalyst, the HMF yield 

increased to 46–49% (Table 8, Entries 4–7), indicating a slight increase compared 

to the NaCl- and ACW-catalyzed reactions. ACB2 and ACL2 produced slightly 

higher HMF yields than ACB and ACL, but the difference was of only 2% in both 

cases (Table 8, Entries 4, 5 and 6, 7). Based on the catalyst characterization results, 

similar HMF yields between ACL and ACL2 were expected, as their metal contents 

differed only by 0.1 wt.% according to ICP-OES. Similar HMF yields were 

achieved with ACB and ACB2 catalysts (46% and 48%, respectively), which 

indicated that slight differences in the oxygen-containing groups and acidity were 

not significant for catalyst functionality. However, it also has to be noted that NaCl 
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was present in the reaction system and most likely affected to similar functionality 

between all catalysts. For example, NaCl can take part in the isomerization of 

glucose into fructose and, therefore, compensate for the lack of Lewis acid when 

ACB and ACB2 are used (X. Li et al., 2018). The reaction selectivity was 67% for 

both ACB2 and ACL2, which was a 10% improvement from that of ACW. This 

suggested that even though the catalyst modification had only a small effect on the 

HMF yield, it increased the reaction selectivity considerably. 

Creating tandem sites in the same AC catalyst is not straightforward because 

the calcination process (required after metal impregnation) occurs at a high 

temperature (greater than 250 °C) and can therefore destroy the oxygen-bearing 

sulfonic acid groups introduced during sulfonation (Pang et al., 2014). Therefore, 

when designing a catalyst with simultaneous Lewis and Brønsted acid sites, two 

catalytic mixtures, ACBL and ACBL2, were prepared and used in the conversion 

reaction. ACBL provided an extremely similar HMF yield (48%) as that provided 

by the single-acid catalysts that it was formed from (46% and 47%). In addition, 

ACBL2 also increased the HMF yield but only slightly (51%), while its 

constituents produced 48% and 49% HMF yields (Table 8, Entry 8 and 9). However, 

it is worth noting that the reaction selectivity increased further from 67% to 78% 

when the corresponding catalyst was used instead of the single-acid catalyst. 

The effect of the reaction system was further studied using the ACBL2 catalyst 

(Table 8, Entries 9–11). When the reaction was carried out in water instead of the 

biphasic system, the HMF yield was low: 15% (compared to 51%). Since the result 

indicated either the importance of the biphasic system or NaCl, the reaction was 

repeated with the addition of NaCl. Now, the HMF yield was even lower—only 

10%. Based on the GC-MS spectra, it was concluded that a significant amount of 

levulinic acid (14%) was formed when NaCl was introduced into the reaction and 

only water was used as the solvent (Paper II). In the biphasic reactions, only trace 

amounts (less than 4%) of levulinic acid were detected, which showed the 

importance of the extracting phase. 

Finally, the studied ACB2, ACL2, and ACBL2 catalysts were compared to the 

homogeneous catalysts, in which the volumes of H2SO4 and Zn were similar to 

those in the heterogeneous catalysts. For the homogeneous catalysts, the HMF yield 

as well as the reaction selectivity were lower than those for the studied AC-based 

catalysts: only 33–37% and 43–47%, respectively (Table 8, Entries 12–14). The 

low-selectivity finding is consistent with the literature, as homogeneous catalysts 

and NaCl increase the production of soluble humins and humin precursors 

(Maruani, Narayanin-Richenapin, Framery, & Andrioletti, 2018; Upare et al., 2013; 
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Yu & Tsang, 2017). The low HMF yields are also not surprising, since the volumes 

of H2SO4 and/or Zn were very low in the homogeneous systems. As the number of 

Lewis and Brønsted acid sites were low in the heterogeneous catalysts as well, the 

results suggest that AC itself played an important role as a catalyst during the 

reaction. It is likely that AC’s high specific SA and oxygen-containing surface 

groups had an impact on its catalytic activity, as oxygen groups might participate 

in the dehydration reaction that occurs when converting fructose into HMF. Further, 

the large SA of the AC may promote the conversion of glucose by increasing the 

contact areas between reactants (Lam & Luong, 2014; Rodríguez-Reinoso, 1998). 

Apart from this study, there are also several examples in the literature of how the 

surface of AC plays an important role in catalytic reactions such as alcohol 

dehydration (Figueiredo & Pereira, 2010; Lin et al., 2019; S. Chen, Maneerung, 

Tsang, Ok, & Wang, 2017). With regard to the HMF yield, plain water-washed AC 

(ACW) worked surprisingly well, and the effect of modification was small. 

However, from the perspective of reaction selectivity, the modification of AC 

seemed important, as the HMF yields achieved in this study using ACW were 

considerably lower than those achieved using acid-treated carbon catalysts. 

Xylose to furfural (Paper III) 

The conversion of xylose into furfural was carried out using different lignin-based 

AC catalysts. The biphasic system was used again, but, instead of THF, MIBK was 

introduced into the system, as it forms a two-phase system naturally and no NaCl 

would be needed. The effect of the AC activation method and the different metal 

precursors on the furfural yield was studied. Since it was observed in Paper II that 

AC already has oxygen functionalities and an acidic character, the catalysts were 

treated only with Lewis acid. Instead of Zn, which was used in Paper II, Fe was 

used as the metal in Paper III based on the preliminary studies with homogeneous 

metal salts (Paper III). Further, in addition to the physical activation used in Paper 

II, chemical activation was also tested as an activation method. 

Comparing different activation methods, it was found out that chemically 

activated ACz and the Fe catalysts based on it (5FeNO3-ACz and 5Fe-ACz) 

contained 3.8–8.2 wt.% Zn, which originated from the chemical activation process 

(Paper III). It is possible that, because of this, the xylose conversion achieved with 

those catalysts was rather high (up to 99%), and good furfural yields and reaction 

selectivity were realized (Table 9, Entries 2–6). However, the catalysts were not 

stable with regard to zinc and iron leaching, and, thus, more catalyst supports and 
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catalysts had to be prepared. It was observed that, with ACz-based catalysts, the 

catalyst with the FeCl3 precursor provided a higher furfural yield and reaction 

selectivity than the one with the FeNO3 precursor (Table 9, Entry 3 and 4). 

Therefore, FeCl3 was used in further catalysts as an iron precursor. 

Table 9. Xylose conversion into furfural using different AC catalyst supports and 

catalysts (Paper III). 

Entry Catalyst Furfural yield (%) Conversion (%) Selectivity (%) 

1 - 12 18 12 

2 ACz 28 82 36 

3 5FeNO3-ACz 23 91 27 

4 5Fe-ACz 32 66 51 

5 5Fe-ACza 50 96 55 

6 5Fe-ACzb 39 99 41 

7 ACzN 14 21 71 

8 5Fe-ACzN 22 47 50 

9 ACst 14 19 81 

10 5Fe-ACst 25 36 72 

Reaction conditions: 1.5 h at 160 °C, if not otherwise noted; a2.5 h at 170 °C; b1.5 h at 180 °C 

ACzN was similarly chemically activated as ACz, but it was further treated with 

HNO3 after activation to remove the remaining zinc. The zinc-free support with 

iron impregnated into it naturally produced a lower furfural yield and conversion, 

but the reaction selectivity it provided was similar or higher when compared to that 

offered by the ACz-based catalysts (Table 9, Entries 2, 4, 7, and 8). The third 

support type, physically activated ACst, was comparable to ACzN in terms of 

furfural yield and conversion (Table 9, Entries 7 and 9), which implies that the 

supports’ differences in with regard to SA, pore size, etc. did not affect their 

catalytic activity. The iron-impregnated ACst (i.e. 5-FeACst) clearly offered the 

best reaction selectivity among all the iron catalysts (Table 9, entries 3–6, 8, and 

10), and the furfural yield achieved using it was also better than that realized when 

using the corresponding chemically activated 5Fe-ACzN (Table 9, Entry 8 and 10). 

Since the chemically activated catalysts did not offer any advantages with 

regard to furfural production over the physically activated ones, and their 

preparation demands a significant amount of ZnCl2, which is toxic to the 

environment, the conversion studies were continued using AC-based catalysts 5Fe-

ACst and 10Fe-ACst. Furthermore, for comparison, control experiments were 



 

68 

conducted without any catalyst and with a similar amount of homogeneous iron (as 

in 5Fe-ACst). The conversions were carried out at a reaction temperature of 170 °C, 

but the reaction time was varied from 1 h to 3.5 h (Fig. 16). The reactions performed 

without any catalyst were able to produce a maximum of 37% furfural yield at 

170 °C in 3.5 h (Fig. 16, black squares). The conversion increased with time and 

reached 88% at its highest point. It was notably higher at 170 °C than 160 °C and 

with a shorter 1.5-h reaction time (Table 9, Entry 1). 

A plain AC support (ACst) produced a similar furfural yield as an 

autocatalyzed reaction (Fig. 16, red circles). The conversion was slightly higher, 

which probably occurred due to the oxygen functionalities on the carbon surface. 

Therefore, the reaction selectivity was also higher as compared to autocatalysis. 

The 3.5-hour reaction with the ACst seemed to be an outlier, as the furfural yield 

increased unexpectedly fast. However, multiple repetitions yielded similar results. 

When the AC support was impregnated with iron, there was a clear increase in 

the furfural yield (Fig. 16). The yields obtained with both the iron catalysts (5Fe-

ACst and 10Fe-ACst) were similar, which suggested that 4.0 wt.% iron was already 

enough to increase the AC activity, and no benefit was obtained from increasing 

the metal content. The yields continued to increase for a reaction time of 3 h, after 

which they leveled off at 55–57%. The only exception was the 2.5-h reaction with 

10Fe-ACst. The conversions increased from 59% to 96% with time for both 5Fe-

ACst and 10Fe-ACst. These were significantly higher than those obtained with 

ACst or without a catalyst, which suggested the positive effect of iron on catalyst 

activity. The highest reaction selectivity (67%) was achieved using 5Fe-ACst with 

a reaction time of 2 h. However, the selectivity did not decrease notably when the 

reaction time was increased to 3 h, which resulted in the highest furfural yield 

(57%). 



 

69 

Fig. 16. Furfural yield, xylose conversion, and reaction selectivity (Reprinted under CC 

BY 4.0 license from Paper III © 2020 Authors). 

When comparing the 5Fe-ACst, which was considered the most promising catalyst, 

to homogeneous FeCl3∙6H2O under similar reaction conditions and using a similar 

amount of catalytic iron, 5Fe-ACst provided better yields until a reaction time of 

3.5 h was reached (Fig. 16). The furfural yield obtained when using 0.0036 mmol 

of homogeneous FeCl3·6H2O was 27–58% depending on the reaction time, which 

entailed that, even with a reaction time of 3.5 h, when it produced a higher yield 

compared to 5Fe-ACst, the difference was marginal (only 1%). The conversion 

carried out with a homogeneous catalyst continued to increase with time, from 44% 

to 85%, but was always clearly lower than that obtained with 5Fe-ACst. In addition, 

reaction selectivity increased with time (from 28% to 61%) and was lower than that 

obtained with 5Fe-ACst. The results achieved with carbon-supported 5Fe-ACst 

were better than those achieved with homogeneous FeCl3·6H2O, which 

demonstrated that the AC support is a promising option for furfural production. 

Based on catalyst characterization, the iron was oxidized in a heterogeneous 

1 1.5 2 2.5 3 3.5
15

20

25

30

35

40

45

50

55

60

1 1.5 2 2.5 3 3.5

30

40

50

60

70

80

90

100

1 1.5 2 2.5 3 3.5

20

40

60

F
ur

fu
ra

l y
ie

ld
 (

%
)

Time (h)

 no catalyst
 ACs
 5Fe-ACs
 10Fe-ACs
 0.0036 mmol FeCl3

C
on

ve
rs

io
n 

(%
)

Time (h)

S
el

ec
ti

vi
ty

 (
%

)

Time (h)



 

70 

catalyst, which may have affected its catalytic activity positively as compared to 

FeCl3. Moreover, hydroxyl groups were detected on the surface of 5Fe-ACst, which 

increases the catalyst’s Brønsted acid sites, and, therefore, its use can increase 

furfural production. 

Obtained 57% furfural yield and 67% reaction selectivity are similar when 

compared to other carbon-based catalysts such as sulfonated carbon and carbon-

supported tin oxide (Wang et al., 2017; Zhou et al., 2021). 54% furfural yield and 

56% reaction selectivity were achieved with carbon-supported tin oxide at 180 °C 

in 20 minutes, while 60% furfural yield and 62% reaction selectivity were 

accomplished with sulfonated Miscanthus x giganteus at 190 °C in 1 hour (Wang 

et al., 2017; Zhou et al., 2021). Recently, also quite similar catalyst to 5Fe-ACst 

used in this work, was reported in xylose conversion to furfural by Z. Qi et al. 

(2020). Their iron and sulfonic acid groups containing cellulose derived carbon 

catalyst was able to produce 79% furfural yield at 190 °C in 10 minutes (W. Qi et 

al., 2019; Z. Qi et al., 2020). However, the amount of iron, 18 wt.%, in their catalyst 

was considerably higher compared to 4 wt.% in 5Fe-ACst used in this study (W. Qi 

et al., 2019; Z. Qi et al., 2020).  

Activated carbon catalyst recyclability (Papers II and III) 

The recycling of heterogeneous catalysts is a matter of great importance from the 

perspective of its practical use. In Paper II, the AC catalyst (ACBL2) recyclability 

was tested by recycling the catalyst with the whole water phase, whereas, in Paper 

III, the AC catalyst (5Fe-ACst) was separated and washed before being used further. 

Both studies presented certain problems related to recycling with regard to catalyst 

adsorption and metal leaching. A comprehensive examination of the catalyst used 

was performed only with 5Fe-ACst. 

In both studies, the yields of HMF and furfural decreased during the recycling 

experiments (Fig. 17a and 17b). In Paper II, the adsorption and accumulation of 

humins on the catalyst were suggested, but the leaching of Zn was monitored 

thereafter, and 25% zinc leaching was observed. In Paper III, in which the metal 

concentration in the catalyst (5Fe-ACst) was found to be comparatively higher, the 

leaching was higher (66%) as well. In addition to the higher metal content, the 

higher amount of leaching could be attributed to the higher reaction temperature. 

The SEM and STEM images of the used 5Fe-ACst catalyst suggested that the 

leaching was connected to the large iron particles (approx. 15–40 nm) rather than 

the small ones. This is not surprising, as the large particles are more vulnerable to 
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leaching because they have poorer interaction with the support surface than the 

smaller particles. The possible humin adsorption was demonstrated using 5Fe-ACst, 

as the mass of the catalyst increased from 5 mg to 6.7 mg during each cycle. 

However, this could not be verified using SEM and STEM because the images did 

not show any coating on top of the catalyst. 

Fig. 17. Results of the recycling experiments conducted with (a) ACBL2 and (b) 5Fe-

ACst (Reprinted, with permission, from Paper II © 2019 Elsevier B.V. and under CC BY 

4.0 license from Paper III © 2020 Authors). 

4.2.2 Biphasic conversion in deep eutectic solvent 

After performing the conversion reactions in the water system with AC catalysts, 

the reaction media was changed to a DES. The DES’s ability to serve as a solvent 

and catalyst was already proved using sawdust (Section 4.1.2). 

Conversion reactions 

The reactions involved in the conversion of sugars into HMF and furfural were 

initiated with the previously selected ChCl/GA/H2O (1:3:0.5) DES (Section 4.1.2). 

A difference between the previous conversion and this one was that the reactions 

were performed using a sugar mixture (modelling birch sawdust) as the raw 

material instead of single sugars or sawdust. The effects of the reaction temperature, 

time, and the water content of the DES were studied. 
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The kinetic profile of carbohydrate conversion is shown in Figure 18, and, 

based on this, it seemed that the reaction temperature had a considerably limited 

effect on the HMF and furfural yields. Presumably, all the selected temperatures 

were high enough for the conversion to occur, and, therefore, no significant 

differences were observed. As expected, the reactions that took place at a 

temperature of less than 150 °C required more time than those that occurred at 

higher temperatures of 160 °C and 170 °C. However, the effect of time was found 

to be minor, which is natural if the reaction temperature is high enough. All HMF 

yields were extremely minor (2.9–4.3%), while the furfural yields were between 

21.9% and 31.7%. The low HMF yields could not be explained by low glucose 

conversion, as less than 0.1% of glucose was present in DES after a 10-minute 

reaction at 160 °C. 

 

Fig. 18. Effects of the reaction temperature and time on the HMF and furfural yields 

when a DES (ChCl/GA/H2O 1:3:0.5) was used as the reaction media, and MIBK as second 

phase (Reprinted [adapted] under CC BY 4.0 license from Paper IV © 2021 Authors). 
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After choosing a suitable reaction temperature and time, the water content in the 

DES was varied. The volume of water was both increased and decreased from what 

it had been until now (0.5 eqv.). The water content of the DES without the addition 

of water was determined to be 3.2% due to the water present in the ChCl and GA, 

and, therefore, the DES was also dried in a vacuum prior to being used in the 

conversion reaction. It is common to add small quantities of water to the DES, as 

this lowers the viscosity of the solvent (Dai, Witkamp, Verpoorte, & Choi, 2015). 

The experiments conducted in this thesis showed that the furfural and HMF yields 

increase when the water content of the DES is increased (Fig. 19). The lowest yields 

for both HMF and furfural were achieved when a dried DES was used as the 

reaction media. The furfural yield increased from 22% to 44% when the volume of 

water added to the DES was increased from 0 to 4 equivalents (this equals to an 

increase in the actual water content, from 3.2 wt.% to 19.6 wt.%). Similarly, the 

HMF yield increased from 3% to 7%. The increased yields could be linked to the 

increased solubility of sugars in a DES/water system or to the better heat and mass 

transfer enabled by the decreased viscosity of the system (Qi, Watanabe, Aida, & 

Smith, 2012). When the volume of water added was further increased from 4 

equivalents to 10 equivalents, the results obtained varied considerable, but the 

yields seemed to continue to increase and achieved peaked at 48% for furfural and 

4% for HMF. The uncertainty with regard to the results is most likely created by 

the complicated interactions between the DES components and the water near a 

region where the DES intermolecular bonding has ceased. For example, in the case 

of a ChCl/urea (1:2) DES, discontinuity was observed in the choline–choline and 

choline–water interactions when amount of water was 40–50 wt.%, while otherwise 

the interactions between the DES components weakened systematically, and those 

with the water increased correspondingly (Hammond, Bowron, & Edler, 2017). 

However, if more than 10 equivalents of water were added, both yields began to 

decrease, and, therefore, this was concluded to be an excessive amount of water 

content. Under these conditions, the water perhaps terminated all the interactions 

between ChCl and GA. Even if the different DESs with different components 

cannot be compared in a straightforward manner, there are certain observations in 

the literature that are consistent with those of this study. For example, a ChCl/oxalic 

acid DES was reported to benefit from a 16.4-wt.% water addition (which is equal 

to our addition of 4 equivalents). However, after that point, the yield of furfural 

decreases (Lee et al., 2019). 
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The yields of furfural and HMF could be further improved by modifying the 

extraction procedure (Paper IV). By doing so (and using 10 eqv. of water), a furfural 

yield of 62% and an HMF yield of 14% were achieved in 10 minutes at 160 °C. 

 

Fig. 19. The effect of adding water to the DES on HMF and furfural yields (Reprinted 

under CC BY 4.0 license from Paper IV © 2021 Authors). 

Deep eutectic solvent stability and recyclability 

The stability and reusability of DESs were investigated using TGA, NMR, and 

recycling tests. The TGA revealed that the ChCl/GA (1:3) DES rapidly evaporated 

at temperatures above 215 °C (Fig. 20a). This decomposition temperature is 

comparable to the corresponding value published by Rodriguez, van den Bruinhorst, 

Kollau, Laura, Kroon, and Binnemans (2019) for a ChCl/GA (1:2) DES (218 °C). 

Further, it was found that the decomposition had already begun before this point, 

as the mass of the DES decreased from 97.6% to 86.6% when the temperature rose 

from 150 °C to 215 °C. This early decomposition was also seen in the isothermal 

TGA (performed at 170 °C), in which the mass of the DES decreased from 100% 

to 95% during the heating period (Fig. 20b). Based on the temperature profile of 
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the isothermal TGA (dotted line in Fig. 20b), the decomposition most likely occurs 

due to water evaporation, as it begins as the temperature reaches 100 °C. The 

greatest amount of mass was lost after the heating period—at the beginning of the 

isothermal period—when the mass of the DES reduces to 89% within 10 min at 

170 °C. After 20 minutes at 170 °C, the mass of the DES was 87%, and, after 30 

min, it was 85%. This entails that no significant decomposition was occurring at 

this point anymore. After the 1 h, the mass of the DES decreased to 83%. 

 

Fig. 20. (a) Dynamic and (b) isothermal TGA curves for the ChCl/GA (1:3) DES (Reprinted 

[adapted] under CC BY 4.0 licence from Paper IV © 2021 Authors). 

Based on the TGA experiments, it could be concluded that the DES is not fully 

stable at reaction temperature at which it was used (150–170 °C), and its 

decomposition is dependent on temperature and time. However, the experimental 

setup used for the TGA differs from that used for conversions, as a closed system 

was used, with water, MIBK, and feedstocks, for conversions. All these factors can 

affect a DES’s stability. Further, using the harshest reaction conditions (170 °C, 30 

min) caused a decomposition of 15%, which is inadequate for such high 

temperatures when compared to other DESs (W. Chen et al., 2018; Delgado-

Mellado et al., 2018; Rodriguez et al., 2019). In fact, this decomposition is less than 

that enabled by numerous more commonly used DESs, such as the ChCl/OA DES 

(1:1) (decomposes completely at 161 °C) or ChCl/LA DES (1:2) (decomposes 

completely at 140 °C) (Rodriguez Rodriguez et al., 2019). 

The recycling tests were performed using the optimal ChCl/GA/H2O (1:3:10) 

DES at 160 °C, a reaction time of 10 min, and a glucose–xylose sugar mixture as 

the raw material. After each cycle, the DES was filtered using cotton wool, 

analyzed through 1H NMR, and used again. Based on the HMF and furfural yields, 
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the DES retained its catalytic ability for three cycles, after which the furfural yield 

started to decrease drastically (Fig. 21). It remained stable at 62% during the first 

two rounds and decreased slightly to 59% in the third one. In contrast, the HMF 

yield increased during the first three rounds, from 14% to 23%. This was 

particularly interesting, as the preliminary experiments suggested that no glucose 

was left in the DES after a reaction time of 10 minutes at 160 °C. A possible 

explanation for the increasing HMF yields during the first three runs could be 

HMF–DES interaction. HMF could interact with ChCl (Liu, Barrault, De Oliveira 

Vigier, & Jérôme, 2012) or with GA through OH-groups. Traces of HMF were 

visible in the DES after the third cycle in the NMR spectra, but no evidence of 

interaction was found (Paper IV). After three rounds, both yields started to decrease, 

and the DES became extremely viscose. 

Fig. 21. Observed HMF and furfural yields during the recycling of a DES (Reprinted 

under CC BY 4.0 license from Paper IV © 2021 Authors). 
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5 Summary 

In this research, sawdust was converted into HMF and furfural either using a one-

step process or through sugar formation. Different catalytic systems were utilized, 

including homogeneous acids, heterogeneous AC-based catalysts, and DES media. 

The objective of the thesis was to increase the selectivity of sawdust degradation 

and sugar conversion. 

Pine sawdust hydrolysis with acid revealed that the reaction temperature was 

the main distinguishing feature between cellulose and hemicellulose degradation. 

Temperatures of 120 °C and 140 °C were both found to be suitable for producing 

good yields of hemicellulose sugars; but at 140 °C, the cellulose also got 

hydrolyzed along with the hemicellulose. When a 2-h reaction time was used, we 

were able to perform a comparable hemicellulose hydrolysis using a mixture of 

sulfuric and formic acid instead of using single acids. The use of the acid mixture 

decreased the volume of acids required, and, therefore, it was seen as a feasible 

alternative for traditional sulfuric acid. The solid residue was mainly composed of 

lignin (40%) and cellulose (51%), which verified the aimed selectivity of the 

treatment. 

The DES (ChCl/GA/H2O) treatment of birch sawdust was carried out using a 

high temperature of 170 °C, as it aimed to produce high-value products, HMF, and 

furfural. No additional catalyst was used for the DES treatments, but adding water 

to the DES has been shown to be beneficial. The results demonstrated that it is 

possible to selectively only produce furfural with a good yield of 37.5% (2.9% 

HMF yield). However, the produced USR was composed of 52% lignin, 49% 

cellulose, and no hemicellulose. Therefore, the DES treatment could work as a 

fractionation method. In fact, both the fractionation treatments utilized in this thesis 

(acid hydrolysis and DES treatment) could potentially be applied in the biorefinery 

concept in which the main products are obtained from cellulose. 

The conversion of the sugars into HMF and furfural was carried out using AC 

catalysts or a DES system. Different AC catalysts were prepared, and their 

suitability was evaluated for converting glucose into HMF and xylose into furfural. 

The AC supports already contained oxygen functionalities, which catalyzed the 

conversion reactions. However, when the supports were upgraded to catalysts, their 

selectivity toward the wanted products increased. Metal-impregnated catalysts 

resulted in higher HMF and furfural yields and greater reaction selectivity than the 

same amount of homogeneous metals. Further, sulfonation was found to cause 

oxygen functionalization and positively affect the conversion. The highest achieved 
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yields for glucose and xylose were 51% and 57%, respectively, while the highest 

reaction selectivity achieved was 78% for glucose and 65% for xylose. The 

simultaneous production of HMF and furfural was studied using a glucose–xylose 

sugar mixture as the starting material and the DES as reactive media. Similar to 

sawdust, the simultaneous production of HMF and furfural was found to be 

challenging, as only a little HMF was obtained. The maximum yields achieved 

from the sugar mixture were 62% furfural and 14% HMF. 

The recycling experiments showed that both heterogeneous AC catalysts and 

DES media can be recycled. However, there was certain issues in both cases; in the 

case of AC catalysts, the problems were related to metal leaching and humin 

adsorption, whereas, in the case of DESs, the high reaction temperature caused 

some degradation of the DES. 

5.1 Outlook on further research 

Even though the present work reports significant findings in the use of novel 

catalysts in biomass processing, there are still certain challenges to overcome and 

things to be developed further. The biggest challenges in this work were related to 

the stability of novel catalytic systems, heterogeneous AC catalysts and DES. The 

AC catalysts suffered from poor recyclability, mainly caused by metal leaching. In 

future, it is important to improve the catalyst preparation method, e.g. the 

calcination step, to produce more stable catalysts. For the DES, its stability needs 

to be investigated in more detail in future, especially if it is used at high 

temperatures (≥150 °C). Now only the DES without water was examined with TGA, 

while the real reaction conditions were more complicated. Also, recycled DES 

should be analysed in the future in order to observe changes in it. Then, reactions 

at lower temperature would be interesting to perform, in which case the recycling 

of DES would potentially be more successful.  

In addition to stability development, AC catalysts and DES can both be 

improved further to increase the yields and selectivities of the conversion reactions. 

For the AC catalyst, the amount of Brønsted acid sites could be improved, e.g. by 

using different acid. For the DES, both HBD and HBA can be varied to change 

DES composition and properties. For example, lactic acid has been recently used 

together with a choline chloride in delignification of biomass, so it could be 

interesting media to investigate from fractionation perspective. 

Finally, part of this research was carried out using glucose and xylose, model 

compounds of sawdust sugars. This approach does not fully correspond to reactions 
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with sawdust, since in sawdust the sugars are present as polysaccharides (instead 

of being in the form of monosaccharides). The sawdust also contains other 

components besides sugars, e.g. lignin and extractives. Therefore, the research 

should be extended to reactions starting from the sawdust, even if the reactions 

would be performed in two stages. This will create more complex feed solution for 

dehydration, since the reaction solution produced by sawdust hydrolysis often 

contains also other sugars than glucose and xylose, as well as lignin-based 

compounds, extractives, small amounts of HMF and furfural, acetic acid, formic 

acid and the catalyst used for the hydrolysis. All these compounds will affect the 

further dehydration step. Also the isolation and purification of the produced HMF 

and furfural from the reaction solutions are essential in the future. 
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