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Kupila, Riikka, Catalytic conversion of furfural and glucose over activated carbon-
supported metal catalysts. 
University of Oulu Graduate School; University of Oulu, Faculty of Technology; Kokkola
University Consortium Chydenius
Acta Univ. Oul. C 815, 2021
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Forest-based sectors such as sawmills and pulp and paper play an important role in Finnish
industry. Lignocellulosic side stream fractions from these activities, such as wood sawdust and
lignin, are primarily used for energy. However, these fractions could be used more efficiently in
biorefinery concepts like the production of value-added bio-based materials and chemicals instead
of energy production. In biorefinery concepts, catalysis is an important tool for creating more
sustainable processes. Efforts to develop novel catalytic systems for biomass valorization to obtain
platform chemicals from biomass feedstock are worth pursuing. In catalytic applications, novel
bio-based activated carbon catalysts could be used to replace the non-renewable catalytic
materials currently used.

In this thesis, the application of lignocellulose-based side stream materials as a raw material
for activated carbon catalysts and their use in catalytic applications are studied, and the physical
and chemical characteristics of the activated carbon catalysts prepared using various methods are
examined. Catalysts prepared for catalytic conversion reactions to produce value-added chemicals
for biorefinery applications are investigated: specifically, the conversion of the biomass-based
molecules furfural and glucose into 2-methylfuran, 5-hydroxymethylfurfural, lactic acid and its
ester, ethyl lactate. This research provides new insights into the preparation of lignocellulose-
based activated carbon catalysts and their suitability for catalytic conversion reactions to produce
important value-added chemicals for industrial applications. The present study found that
lignocellulosic side stream materials can be used in preparing high-quality activated carbon
catalysts or supported catalysts. Prepared carbon-based catalysts showed promising results in the
conversion reactions studied, indicating that tailored catalyst supports for specific applications are
needed.

Keywords: activated carbon, biomass, catalyst, catalyst support, catalytic conversion,
lignocellulose





Kupila, Riikka, Aktiivihiilituetut metallikatalyytit furfuraalin ja glukoosin
katalyyttisessä konversiossa. 
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Tiivistelmä

Suomessa metsä- ja sahateollisuus sekä paperi- ja selluteollisuus ovat keskeisiä teollisen tuotan-
non toimialoja. Tuotannossa syntyvät arvokkaat sivuvirrat, kuten sahanpuru- sekä ligniinifrak-
tiot hyödynnetään tänä päivänä suurelta osin energiantuotannossa polttamalla. Nämä arvokkaat
sivuvirrat voidaan hyödyntää energiatuotannon sijaan biojalostamokonsepteissa korkeamman
lisäarvon tuotteiksi, kuten uusiksi biomassapohjaisiksi biomateriaaleiksi ja -kemikaaleiksi.
Biojalostamokonsepteissa katalyyttiset menetelmät ovat tärkeässä roolissa mahdollistaen ener-
giatehokkaammat prosessit. Uusien katalyyttisten menetelmien kehittäminen biomassan konver-
toimiseksi biokemikaaleiksi ja -materiaaleiksi on tavoiteltavaa. Biopohjaisilla aktiivihiilikatalyy-
teillä voidaan myös korvata nykyisiä ei-uusiutuvia katalyyttejä.

Tässä väitöskirjatutkimuksessa on tutkittu lignoselluloosapohjaisten sivuvirtamateriaalien
soveltuvuutta aktiivihiilipohjaisten katalyyttimateriaalien valmistukseen sekä näiden katalyytti-
en käyttöä sovelluksissa. Aktiivihiilten fysikaalisten ja kemiallisten ominaisuuksien vaikutusta
katalyyttimateriaaleihin ja sovelluksiin on tutkittu. Valmistettujen katalyyttien soveltuvuutta
konversioreaktioissa korkean lisäarvon tuotteiksi biojalostamosovelluksiin on tutkittu: erityises-
ti biomassapohjaisten molekyylien kuten furfuraalin ja glukoosin konversiota 2-metyylifuraanik-
si, 5-hydroksimetyylifurfuraaliksi, maitohapoksi sekä maitohapon esteriksi etyylilaktaatiksi. Tut-
kimus tuo uutta tietoa lignoselluloosapohjaisten sivuvirtamateriaalien hyödyntämisestä ja sovel-
tuvuudesta biopohjaisten aktiivihiilikatalyyttien valmistuksessa sekä käytöstä katalyyttisissä
sovelluksissa korkean lisäarvon kemikaalien tuotannossa. Tutkimuksessa havaittiin, että ligno-
selluloosapohjaisia sivuvirtoja voidaan hyödyntää korkealaatuisten aktiivihiilikatalyyttimateriaa-
lien valmistuksessa. Valmistetut hiilipohjaiset katalyytit osoittivat potentiaalia tutkituissa sovel-
luksissa ja tutkimus viittasi siihen, että hiilipohjaiset katalyyttitukiaineet tulee räätälöidä eri
sovelluksiin.

Asiasanat: aktiivihiili, biomassa, katalyytti, katalyyttinen konversio, lignoselluloosa,
tukiaine
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Abbreviations  

AC Activated carbon 

BET  Brunauer–Emmett–Teller method  

BJH Barrett–Joyner–Halenda theory 

DFT  Density functional theory 

EDS Energy-dispersive X-ray spectroscopy 

EFTEM Energy-filtered transmission electron microscopy 

FTIR Infrared spectroscopy 

HMF  5-hydroxymethylfurfural  

ICP-OES Inductively coupled plasma optical emission spectroscopy 

IWI Incipient wetness impregnation 

MF 2-methylfuran  

PZC Point of zero charge 

SEM Scanning electron microscopy 

STEM Scanning transmission electron microscopy 

TPD Temperature-programmed desorption 

TPR Temperature-programmed reduction 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 
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1 Introduction 

1.1 Background  

Environmental changes and insufficient recycling of materials are global problems. 

From the perspective of sustainability, biomass-based side stream and waste 

fractions should be used in the production of biofuels, chemicals, and materials 

instead of being burned for energy production (Material Economics, 2021). This 

would replace to some degree the extensive use of fossil-based materials with novel 

bio-based materials produced at biorefineries. The replacement of fossil-based raw 

materials with biomass-based ones to reduce greenhouse gasses is also one of the 

main goals of the European Union’s energy and environmental policies. Much 

attention is now being devoted to the development of catalytic processes and 

sustainable technologies for the conversion of non-edible biomass into biofuels and 

chemicals. The transformation of lignocellulosic biomass like wastes and side 

stream material requires research into sustainable catalytic routes that reduce 

environmental impact, thus fulfilling the principles of green chemistry. 

Biochemical processes like the production of bioethanol from carbohydrates are 

already used in industry; however, novel heterogeneous catalytic processes and the 

conversion of lignocellulosic biomass into high value-added chemicals and new 

types of fuels are needed. 

Wood is an abundant raw material in Finland, and the country boasts extensive 

experience in forest industry operations such as pulp and paper and sawmills. 

However, the use of side stream materials from these refining industries needs 

improvement. As a lignocellulosic material containing valuable carbohydrates, 

wood is a good raw material for biorefineries. Moreover, wood biomass participates 

in the reduction of greenhouse gasses by absorbing carbon dioxide and does not 

compete with food production. Even though wood growth is relatively slow, forests 

in Finland are currently growing faster than they are being harvested. The total 

amount of round wood removed from Finnish forests for forest industry or energy 

production is approximately 70 million cubic meters a year. Sawmills in Finland 

produce approximately 3 million cubic meters of sawdust annually. Most of the 

sawdust is used in the production of pulp and energy, but a significant volume 

remains unused. Therefore, sawdust is nearly viewed as hazardous waste at many 

sawmills (Natural Resources Institute Finland, 2019). Another lignocellulose side 

stream material is lignin. In industries like papermaking, fiber textiles, wood 
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hydrolysis, and biofuels using plant fiber as raw materials, lignin is mostly 

discharged as waste and is mainly burned for heat recovery, resulting in low-value 

utilization (Chen, 2015). There is an urgent need to convert traditional refining 

industries into future biorefineries in which raw materials are more efficiently used 

in biochemical, fuel, and material production instead of energy production. 

Activated carbon (AC) can be produced from carbon-containing biomass side 

stream and waste materials such as lignocellulosic materials instead of from fossil-

based bituminous coal and anthracite. AC production plants do not yet exist in 

Finland but are expected to come online in the near future. AC already has industrial 

applications as an adsorbent for water, use with wastewater, and in gas purification 

treatment processes, among others (Przepiórski, 2006). The use of AC materials in 

catalysis is drawing research attention due to their high surface area, thermal 

stability, and flexibility for tailoring catalyst properties to specific applications in 

the fine chemical industry. Moreover, their simple synthesis method and 

environmentally benign nature – as they can be produced from various biomass-

based carbonaceous side streams and waste materials – are an advantage. The 

potential growth in the market for AC in catalysis depends on a better 

understanding of carbon surfaces and microstructures and on improvements in 

quality control and production methods (Serp & Figueiredo, 2008). Using AC as a 

catalytic material depends on its bulk structure and surface physical and chemical 

features. These features can be tuned by the selection of raw material and 

preparation processes, which affect the porous structure and functional groups on 

the surface and thus the applicability of the resulting carbons to various catalytic 

processes. 

1.2 Scope and objectives 

The scope of this thesis is the use of the lignocellulosic side stream materials as a 

raw material for AC and its use in various catalytic applications (as part of the 

biomass valorization for biorefining conceptions). The biochemicals studied – 5-

hydroxymethylfurfural (HMF), 2-methylfuran (MF), lactic acid, and lactic acid 

ester (ethyl lactate) – are important chemicals that can be produced and used in 

biorefinery applications as versatile biochemicals in the production of fine 

chemicals, biofuels, and biomaterials. The process of producing lignocellulose-

based AC catalysts and catalytic biochemical production is presented in Fig. 1.  
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Fig. 1. Lignocellulose-based activated carbon-supported catalysts in catalytic 

conversion into biochemicals. 

In this thesis, AC was studied as a catalyst (modified with acid treatment to contain 

functional groups) or as catalyst support (impregnated with precursor metals to 

contain the active metal phase). The lignocellulosic raw materials Kraft lignin, 

hydrolysis lignin, and spruce and birch sawdust were studied. In Paper I, Kraft 

lignin was used as a support material for cobalt catalysts, and the effects of support 

modification and different preparation techniques were studied. In Paper II, spruce 

and birch sawdust were used in AC preparation and as a support for Pt, Ru, and Ni 

catalysts that were tested in converting furfural into MF. In Paper III, birch sawdust-

based AC was modified to contain Lewis and Brønsted acid groups and tested in 

the conversion of glucose into HMF. In Papers IV and V, hydrolysis lignin was used 

as a raw material for AC supports and used and modified as a support for metal 

oxides in the conversion of glucose into lactic acid (Paper IV) or the lactic acid 

ester ethyl lactate (Paper V). In Papers II–V, model solutions of furfural or glucose 

were used in conversion experiments. In Paper V, authentic lignocellulose-based 

hydrolysates of spruce and fiber sludge were also used in the reaction involved in 

the conversion into ethyl lactate. Figure 2 presents an outline of the dissertation.  
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Fig. 2. Outline of the dissertation.  

The aim of the thesis is to provide information for scientific communication and to 

answer the following research questions: 

1. Are lignocellulosic industrial side stream materials (sawdust and lignin) 

suitable for use as raw materials for activated carbon catalysts or supports? 

2. How do the raw material, preparation, and modification methods affect the 

characteristics of activated carbon as support or as a catalyst on its own?  

– Specifically, what is the relationship between the composition of the bulk 

material (pore size, surface area, ash content, and surface properties like 

functionalities) and the selected raw material and preparation method? 

3. Are prepared lignocellulose-based activated carbon catalysts suitable for use 

in various catalytic applications as catalyst supports or as catalysts themselves, 

and how do preparation methods such as modification with acid affect that 

suitability? 

– Specifically, what is the relationship between catalytic activities and 

various intrinsic properties including the effect of the porous structure, ash 
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content, surface functionalities, metal distribution and phases, and/or 

acidity?  

4. What is the stability of prepared carbon-based catalysts in the studied catalytic 

applications?  
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2 Carbon materials for catalysis 

2.1 Introduction to catalysis 

Most industrial syntheses require catalysts, and catalysis is involved in at least one 

step of almost all chemical production (de Vries & Jackson, 2012). Catalysis is an 

important tool in creating more sustainable processes, as catalysts provide a lower 

energy intermediate, and reactions can proceed more quickly or with less energy 

input. Apart from accelerating reactions, catalysts can influence the selectivity of 

those reactions. Even though the systematic development of catalysts began about 

200 years ago, the importance of catalysis continues to increase (Hagen, 2005). We 

have recently seen the importance of the sustainable catalytic conversion of 

renewable resources into chemicals and fuels, a rapidly growing research field. 

Because of the need to replace fossil-based materials, efficient and selective novel 

catalytic systems and reaction processes are required to produce bio-chemicals and 

fuels from renewable lignocellulosic biomass (Fig. 3).  

Fig. 3. Catalysis in industrial refining applications. 

Catalysts can be divided into homogeneous and heterogeneous catalysts. 

Homogeneous catalysts occupy the same phase, most commonly the liquid phase, 

as the substrates/reaction mixture. A variety of homogeneous catalysts are known, 

ranging from Brønsted and Lewis acids, metal ions, metal and organometallic 

complexes, and organic molecules to biocatalysts like enzymes and artificial 

enzymes (Farnetti, Di Monte, & Kašpar, 2009). Heterogeneous catalysts are mostly 

solids that act on substrates in a liquid or gaseous reaction mixture. The importance 

of heterogeneous catalysis to the market and its use in industrial applications are 

more significant than homogeneous catalysis. The market share of homogeneous 
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catalysis is estimated to be only 10–15% (Hagen, 2005). Even though 

homogeneous catalysts can exhibit higher activity and selectivity due to their 

greater dispersion of metal, their major disadvantages are difficulty in separating 

them from the product and subsequently reusing them (De, Dutta, & Saha, 2016; 

Hagen, 2005; Heveling, 2012). Compared to homogeneous catalysts, 

heterogeneous catalysts provide practical conveniences such as easy separation, 

reusability, and de-corrosion in a continuous system. Solid heterogeneous catalysts 

are easily separated from liquid – via a simple filtration method, for example – and 

reused. In gas-phase reactions like those in fixed-bed reactors, heterogeneous 

catalysts are automatically separated and used in a continuous system (Hagen, 

2005). Furthermore, their stability in severe reaction environments featuring high 

temperatures and/or pressure is superior to their homogenous counterparts (De et 

al., 2016).  

Heterogeneous catalysts can be bulk or supported catalysts; in heterogeneous 

catalysis, reactions often take place at the supported surface of metal-based 

materials. Catalyst support can play an important role with supported metal 

catalysts in bringing out the capability of the supported metal as a catalytically 

active center. Generally, materials for catalyst supports show high surface area, 

chemical stability, and the ability to disperse metal particles widely over a surface 

(Foger, 1984; Tafjord et al., 2021). Moreover, the chemical and physical properties 

of surfaces affect the activation of supported metals to generate the characteristic 

properties of the supported metal catalysts. Based on these conditions, various 

oxides and carbon compounds have been applied. 

Extensive research in catalysis is usually needed to improve its rate or 

selectivity; it often involves screening catalysts, ligands, reaction conditions, 

support material, and, finally, catalyst deactivation (de Vries & Jackson, 2012). 

2.2 Lignocellulosic biomass 

Lignocellulosic biomass is the most abundant renewable feedstock on earth and is 

a source of renewable energy and matter. Wood and the lignocellulosic wastes from 

forestry and agriculture are well-suited raw materials for AC preparation (Khezami, 

Chetouani, Taouk, & Capart, 2005). The ash content of wood-based biomass 

materials is relatively low compared to fossil material ash such as coal or lignite. 

Biomass also has a high oxygen content compared to fossil fuels (Basu, 2010; 

McKendry, 2002). Typically, 30–40% is oxygen, 30–60% is carbon, and 5–6% is 

hydrogen by biomass dry weight, depending on the ash content, with nitrogen 
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usually less than 1% (Jenkins, Baxter, & Koppejan, 2019). There are normally 

lower concentrations of Ca, K, Si, Mg, Al, S, Fe, P, Cl, Na, Mn, and Ti in the 

biomass, with any other elements present only at trace levels (Vassilev, Baxter, 

Andersen, & Vassileva, 2010).  

Cellulose, hemicellulose, lignin (Fig. 4), and their extractives are the main 

components of lignocellulosic wood biomass. Cellulose and hemicellulose are 

carbohydrates that provide structural and mechanical strength to the plant, while 

lignin, an aromatic polymer, maintains the stability of its structures. Cellulose is 

the major component of lignocellulosic raw material, comprising consisting 40– 

55% of the dry weight, depending on the wood (Khezami et al., 2005). Cellulose is 

a long-chain polysaccharide formed of up to 3000 D-glucopyranose units 

connected by β-1,4 glycosidic linkages (Basu, 2010). Hemicelluloses are relatively 

low-molecular-weight, non-cellulosic polysaccharides with up to 200 sugar 

residues in their molecular backbone; they form 25–35% of the dry weight of most 

wood species. Hemicellulose contains primarily xylans, xyloglucan, mannans, and 

glucomannans, although the structure of hemicellulose varies with the biomass 

source (Basu, 2010; Tekin, Karagöz, & Bektaş, 2014). Cellulose connects with 

hemicellulose and lignin by hydrogen bonds, while hemicellulose and lignin 

connect by covalent bonds. Lignin constitutes 20–35% of the typical dry 

lignocellulosic biomass and is the largest natural source of aromatics on earth. 

Lignin is an amorphous, hydrophobic copolymer material with random 

polymerization of three primary phenylpropane monomers: coumaryl, coniferyl, 

and sinapyl alcohols (Tekin et al., 2014). 
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Fig. 4. Lignocellulosic structure of wood. 

2.3 Catalytic conversion of lignocellulosic biomass to chemicals 

The efficient use of lignocellulosic biomass has significant potential to reduce 

today’s excessive dependence on fossil fuels. Lignocellulosic biomass can be 

converted to several useful products, including bio-chemicals, fuels, and other bio-

based materials. The development of novel technologies such as efficient and 

selective catalytic systems and reaction processes is required to produce chemicals 

and fuels from renewable resources (Corma, Iborra, & Velty, 2007; Huber, Iborra, 

& Corma, 2006; Jing, Guo, Xia, Liu, & Wang, 2019).  

For example, lignocellulosic biomass can be converted into liquid fuels or 

chemicals from synthesis gas produced by gasification or from sugar monomer 

units produced by hydrolysis of biomass (Huber et al., 2006). In 2004, the US 

Department of Energy (DOE) selected the top 12 platform chemicals that can be 

produced from biomass-based sugars or synthesis gas (Werpy & Petersen, 2004), a 

list that was updated at 2010 to contain the newest and most relevant chemical 

opportunities from biorefinery carbohydrates. These included chemicals such as 

furans (furfural and HMF), organic acids (lactic acid, levulinic acid, 

hydroxypropionic acid, and succinic acid), bio-hydrocarbons, glycerol and its 

derivatives, ethanol, and sugar alcohols (Bozell & Petersen, 2010).  

Lignocellulosic biomass conversion to synthesis gas requires high-temperature 

(i.e., greater than 500 °C) treatments (Huber et al., 2006). Synthesis gas can be used 



25 

to produce hydrocarbons and other fuels and chemicals by heterogeneous catalytic 

conversion systems, such as with Fischer-Tropsch synthesis by cobalt or iron 

catalysts; this process has already been applied in industry (Schulz, 1999). Direct 

biomass-derived hydrocarbons are the main renewable substitutes under 

consideration for specialty transportation fuels such as diesel or jet fuel, which 

cannot easily be replaced by electricity or ethanol (Luterbacher, Martin Alonso, & 

Dumesic, 2014). 

Conversion of cellulosic biomass into monomer units by low-temperature 

liquid-phase reactions usually involves initial depolymerization of the 

lignocellulose polysaccharides to produce soluble pentose and hexose sugars from 

lignocellulose through physical and chemical treatment processes (Jing et al., 2019; 

Luterbacher et al., 2014). Furthermore, various novel catalytic conversion reactions 

are needed to selectively convert sugar monomers into the targeted value-added 

chemicals.  

Furan derivatives from lignocellulosic biomass such as HMF (Fig. 5) are 

considered versatile intermediate chemicals of high industrial potential (van Putten 

et al., 2013). HMF is a potential substitute for petroleum-based monomers of 

several polymers and can be used as a starting material for biofuels, solvents, and 

pharmaceuticals. HMF is reactive and can undergo conversion to levulinic and 

formic acids, which are versatile organic acids. HMF can also be used in large-scale 

transformations to 5-hydroxymethylfuranoic acid, 2,5-furandi-carboxylic acid, 2,5-

bis(hydroxymethyl)furan, and 2,5-furandicarboxaldehyde, all of which could 

replace other petrochemical-based monomers. Furfural, which is biomass-derived 

furan, can be used in the production of chemicals such as furfuryl alcohol or MF 

(see Fig. 5) by catalytic hydrotreatment reaction and further hydrogenated into 

tetrahydrofurfuryl alcohol or 2-methyltetrahydrofuran (Hoydonckx, Van Rhijn, 

Van Rhijn, De Vos, & Jacobs, 2007; Mariscal, Maireles-Torres, Ojeda, Sádaba, & 

López Granados, 2016). Meanwhile, MF and 2-methyltetrahydrofuran can be used 

as solvents and have recently been proposed as highly promising biofuel 

components (Yan, Wu, Lafleur, & Jarvis, 2014).  

Organic acids represent a fast-growing industrial market in biotechnology 

because of their broad applicability for direct use, as polymer building blocks, and 

as commodity chemicals (Becker, Lange, Fabarius, & Wittmann, 2015). Lactic acid 

is a particularly interesting organic acid because it is a versatile platform chemical 

for the production of several downstream chemicals. It undergoes esterification to 

give lactate esters such as ethyl lactate (Fig. 5) that are referred to as the new “green” 

biodegradable solvents (Aparicio & Alcalde, 2009). Even more appealing is their 
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role as the precursor for biodegradable polylactic acid polymers (Dusselier, Van 

Wouwe, Dewaele, Makshina, & Sels, 2013).  

Fig. 5.  Molecular structure of 5-hydroxymethylfurfural, 2-methylfuran, lactic acid, and 

ethyl lactate. 

Efforts to develop novel catalytic systems for biomass valorization to obtain 

platform chemicals such as furan derivatives, lactic acid, or its esters directly from 

biomass feedstock are desired (Dusselier et al., 2013; Hu, Zhang, Xu, Wang, & Yan, 

2021). In this thesis, AC-based catalysts have been studied in relation to the 

production of potential bio-based chemicals like HMF, MF, lactic acid, and its ester, 

ethyl lactate. In addition, carbon-supported cobalt catalysts for the production of 

hydrocarbons were examined.  

2.4 Activated carbon 

AC is defined as carbonaceous porous material with high specific surface area, 

reasonable pore size distribution, and a high degree of surface reactivity (Gao, Yue, 

Gao, & Li, 2020); it is produced by thermochemical conversion of carbon-

containing feedstocks. Pyrogenic carbonaceous material refers to all 

thermochemically converted carbonaceous material such as AC, pyrolytic carbon, 

soot, chars, and cokes. The distinction between pyrogenic carbonaceous materials 

is not always clear, and a generally accepted terminology is also lacking 

(Hagemann et al., 2018). Usually, when AC is compared with other pyrogenic 

carbonaceous materials, the difference is AC’s higher surface area, since it has 

undergone an activation process in which the carbon material is subjected to 

reaction gases or chemicals that increase porosity and specific surface area. The 

surface areas of the porous structure of AC can involve approximately 500–3000 

m2/g of build-up from channels with varying diameters (Radovic, 2008). In addition 

to its high surface area, AC contains certain amount of heteroatom on the surface 

(Rodríguez-Reinoso, 1998). Because of these unique properties, carbon materials 

can be widely applied in gaseous and liquid phases as adsorbents or catalysts. ACs 
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are used in a variety of applications as adsorbents, including municipal drinking 

water, food and beverage processing, odor removal, and industrial pollution control. 

They are also increasingly used in the pharmaceutical industry, for the recovery 

metals in hydrometallurgy industries, and as catalysts and catalyst supports 

(Danish & Ahmad, 2018).  

2.4.1 Structure and properties 

AC’s bulk and surface properties depend on its structure, which in turn depends on 

the raw material and preparation methods used (Radovic, 2008). The unique 

properties of ACs can be tailored to specific purposes, and knowledge of their 

existence and chemistry is essential to many processes in technology (Boehm, 

1966).  

Carbon materials contain a high amount of sp2-hybridized carbon, which is 

responsible for the two-dimensional order in the carbon structure, in which carbon 

atoms are arranged in layers of aromatic rings. Layers are connected with Van der 

Waals interactions. In graphitic structures or graphitizable carbons, the layers are 

connected in an ordered structure, while layers in AC are arranged with turbostratic 

disordered stacking in which basal planes slip out of alignment (Fig. 6). Between 

layers, variable gaps of molecular dimensions form the pores in the structure. 

Usually, pores are regarded as slit shapes belonging to one of several groups: 

micropores, up to 2 nm; mesopores from 2 to 50 nm; and macropores, 50 nm or 

greater (Boehm, 2002; Marsh & Rodríguez-Reinoso, 2006; Rodríguez-Reinoso, 

1998).  
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Fig. 6. Structure of activated carbon materials (Reprinted, with permission, from 

Kurzweil, 2009 © 2009 Elsevier B.V.). 

In addition, AC contains as much as 15–20% mineral matter, depending on the raw 

material, which is usually given as ash content. High mineral matter that arises from 

the raw material or is introduced during the preparation process can be a drawback 

for catalytic applications (Rodríguez-Reinoso, 1998). ACs from coal materials can 

contain up to 20% of mineral matter, whereas biomass-based materials generally 

have lower ash content (Munoz-Guillena, Illan-Gomez, Martin-Martinez, Linares-

Solano, & Salinas-Martinez de Lecea, 1992).  

The functional groups on the carbon surface play an important – perhaps the 

most important – role in the heterogeneous reaction mechanism (Rodríguez-

Reinoso, 1998). AC’s porous structure usually involves a relatively small number 

of chemically bonded heteroatoms. The surface of carbons is heterogeneous and 

consists of the faces of graphene sheets and the edges of sheets in layers (Fig. 6). 

The edge sites are more reactive than the atoms in the interior of the graphene sheets, 

and chemisorbed foreign elements, especially oxygen, are predominantly located 

on the edges (Boehm, 2002). 

The most common heteroatoms on carbon are oxygen, nitrogen, hydrogen, and 

sulfur; phosphorus and chlorine have also been detected on carbon surfaces. These 

are bound to the edges of the graphite-like layers and form organic functional 

groups such as carboxylic acids, lactones, phenols, carbonyls, aldehydes, ethers, 

amines, nitro compounds, and phosphates (Salame & Bandosz, 2001). In addition, 

the π-electron density of carbon basal planes is considered a chemically active site 

that accepts or donates electrons (Serp & Figueiredo, 2008).  
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Depending on the raw material and preparation method used, approximately 

70–98% carbon, 1–5% hydrogen, 0–5% of nitrogen, and 0–5% sulfur weight 

content can be obtained from elemental analysis of ACs (Bandosz, 2008). Oxygen 

is the most common heteroatom on the carbon surface (Fig. 7), and the oxygen 

weight content of AC can range from for 2% to 25%, with at least half of it present 

in the form of surface oxide groups (Boehm, Diehl, Heck, & Sappok, 1964). 

Surface oxides can be acidic, basic, or neutral in character. The acidic character of 

AC surfaces are closely related to the oxygen-containing surface groups and are 

formed when the carbon surface is exposed to oxygen via reactions with oxidizing 

agents from the gas phase or solutions, whether at room temperature or at high 

temperatures; they are located on the edges of the surfaces (Barton, Evans, Halliop, 

& MacDonald, 1997; Boehm, 2002; Serp & Figueiredo, 2008). The proportion of 

these active sites will increase as porosity and surface area increase (Rodríguez-

Reinoso, 1998). 

Fig. 7. Some of the surface oxygenated groups present in activated carbon.  

Acidic functionalities include carboxylic acids and anhydrides, lactones or lactols, 

and phenols. Carbonyl and ether groups are neutral groups on the surface or may 

form basic structures such as chromenes, pyrones, and quinones (Fig. 7). However, 

the basic properties of the carbon surface are less well understood than acidic ones. 

In addition, carbon basicity is assumed to arise from non-heteroatomic Lewis base 

sites due to the π-electron density of the carbon basal planes (Figueiredo & Pereira, 

2008; Montes-Morán, Suárez, Menéndez, & Fuente, 2004). Basic surface 
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functionalities are formed when raw material is raised to high temperatures in an 

inert atmosphere. The introduction of nitrogen atoms to the surface can also 

enhance the basicity of carbon (Montes-Morán et al., 2004). The concentration of 

oxygen on the surface is an important factor influencing the carbon’s surface 

characteristics and adsorption capabilities (Rodríguez-Reinoso, 1998; Shafeeyan, 

Daud, Houshmand, & Shamiri, 2010). Carbons with the same surface area but 

prepared by different methods can show markedly different adsorption 

characteristics, which has been suggested to be a leading reason for the scarce use 

of carbon as a catalyst support (Rodríguez-Reinoso, 1998). During the heating of 

the raw material to high temperatures, surface oxides decompose into CO2 and CO. 

After cooling to room temperature, highly reactive sites remain on the carbon 

surface with free radical characters that can react, to a relatively small extent, with 

oxygen (air) or water vapor and form new surface oxides through chemisorption 

and oxidation (Boehm, 2002). Alternatively, surface oxides can be created by 

treatment with oxidizing agents in either the gaseous phase or in solution (Cookson, 

1978; Jaramillo, Álvarez, & Gómez-Serrano, 2010).  

2.4.2 Characterization methods  

A number of production methods and precursors for the preparation of AC are 

known. Several characterization methods allow for a correlation of the resulting 

activities and AC properties. AC materials can be characterized using a variety of 

techniques such as scanning electron microscopy (SEM), nitrogen physisorption to 

determine their physical properties, infrared spectroscopy (FTIR), Boehm titrations, 

temperature-programmed desorption (TPD), CHNS/O elemental analysis, energy-

dispersive X-ray spectroscopy (EDS), and X-ray photoelectron spectroscopy (XPS) 

to determine their chemical properties.  

Physical properties  

Gas adsorption-desorption measurements have been applied to determine the 

porous structure (surface area, pore size, and pore distribution) of carbon materials. 

To obtain isotherms from the measurements, controlled outgassing of the adsorbent 

at a defined temperature, a change in pressure, and residual pressure are used to 

remove physisorbed species from the surface. As a result, physisorption isotherms 

are obtained by plotting the amount of adsorbed gas against the equilibrium relative 

pressure (p/p0) (Iwanow, Gärtner, Sieber, & König, 2020). In the case of micropores, 
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the pore-filling occurs continuously, whereas in the case of mesopores, pore filling 

occurs by pore condensation, which reflects a first-order gas-liquid phase transition 

(Thommes, 2003). Pore sizes can be analyzed by different gas adsorption methods, 

including the Barrett–Joyner–Halenda (BJH) method and density functional theory 

(DFT). BJH, known as the classic macroscopic thermodynamic concept, is based 

on the Kelvin equation, which relates to the pore condensation phenomena. It is 

valid in large mesopores, but errors can be significant in smaller pores. DFT is 

based on a microscopic model providing a more realistic description of the 

thermodynamic turbostratic properties of the pore fluid. It accounts for the direct 

interaction of adsorbate with the adsorbent surface, micropore filling process 

(rather than a condensation process), the development of the adsorbed film 

thickness, and capillary condensation (adsorption) and capillary evaporation 

(desorption). Therefore, it is able to model hysteresis in the ads/des mesopore 

region of the isotherm (Landers, Gor, & Neimark, 2013; Thommes, 2003). 

The surface morphology of ACs can be investigated with SEM that uses a 

focused electron beam of high-energy electrons to generate a variety of signals over 

a surface and create an image that allow the observation of different types of pores 

and measurements that reveal the porosity of the surface (Iwanow et al., 2020).  

Chemical properties  

The inorganic (i.e., metal) content of ACs can be measured by inductively coupled 

plasma (ICP) which is the most commonly used technique after atomic absorption 

spectroscopy (Serp & Figueiredo, 2008). ICP-OES is a trace-level, elemental 

analysis technique that uses the emission spectra of a sample to identify and 

quantify the elements present. Before analysis, the samples need to be digested by 

strong acids. Samples are then introduced into the plasma in a process that 

desolvates, ionizes, and excites them. Excited electrons emit energy at a given 

wavelength as they return to the ground state after excitation by high-temperature 

argon plasma.  

The organic content of carbon material, such as carbon, hydrogen, nitrogen, 

oxygen, and sulfur, can be determined by elemental analysis based on the 

combustion of the material at high temperatures in steam of oxygen. The oxidized 

combustion products carbon dioxide, water, and sulfur dioxide are measured and 

analyzed with thermal conductivity detection or infrared spectroscopy. Nitrogen is 

measured as reduced to N2 by copper turning. The oxygen content can be analyzed 
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by the difference of the other measured contents from 100% or by reduction that 

generates CO and CO2 (Bandosz, 2008).  

As noted above, the surface oxides on carbon can have acidic or basic 

properties, which is easily determined by titration methods. Boehm titration is a 

common method for determining whether AC surface functionalities are acidic or 

basic. The fundamental principle is that different acidic and basic functionalities 

can be distinguished by their neutralization behavior. Neutralization of acidic 

functionalities is based on the understanding that NaOH neutralizes carboxylic, 

lactonic, and phenolic groups, Na2CO3 neutralizes carboxylic and lactonic groups, 

and NaHCO3 neutralizes only carboxylic groups (Boehm, 2002). The total number 

of basic groups can be calculated by the back titration method under the assumption 

that HCl neutralizes the basic groups on the AC surface (Salame & Bandosz, 2001). 

The Boehm analysis is a rough estimation for determining the number of 

heteroatoms and can be used with other surface analysis methods with good 

correlation (Bandosz, 2008). However, the information on acidic groups is limited 

to compounds such as phenols, lactones, and carboxylic acids and neglects other 

groups that are present (Salame & Bandosz, 2001).  

Point of zero charge (PZC) is a method used to govern the nature of the AC 

surface groups; namely, surface charge versus pH. It is defined as the pH where the 

net surface charge resulting from the adsorption of the potential-determined ions 

H+ and OH- is zero (Bandosz, 2008). The PZC can be determined by the batch 

equilibrium method, in which surface charge densities can be obtained from 

potentiometric titrations (Babić, Milonjić, Polovina, & Kaludierović, 1999). At pHs 

lower than pHpzc, the surface is positively charged due to protonation and attracts 

negatively charged precursors. Contrarily, at pHs above pHpzc, more groups are 

deprotonated, and the surface is negatively charged, thus attracting positively 

charged precursors.  

Spectroscopic methods are frequently used to investigate the chemical 

properties of carbon materials. Infrared spectroscopy (FTIR) deals with the infrared 

region of the electromagnetic spectrum, which has a longer wavelength and lower 

frequency than visible light. FTIR is one of the most commonly used instrumental 

analysis methods for carbon materials. Information on functional groups and 

chemical structures on AC consisting mainly of carbon atoms, but also containing 

different heteroatoms such as oxygen, hydrogen, nitrogen, and sulfur, can be 

determined by the FTIR method. Information on functional groups of samples can 

be determined by frequency of absorption band. The position and intensity of the 

transmittance bands formed are related to the presence of elements such as O, N, P, 
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S, or Si, which are bonded to the carbon atoms as functionalities (González-García, 

2018). FTIR does not provide quantitative information; however, it can identify 

groups created and destroyed on the surfaces in order to analyze the results of the 

modifications. However, some problems arise because carbon materials are 

strongly adsorbing supports, and the addition of KBr sometimes intensifies the 

signal. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFT) 

methods are also used for carbon surfaces (Serp & Figueiredo, 2008). 

X-ray photoelectron spectroscopy (XPS) is used to characterize the surface 

functional groups employing the binding energies of the C1s, N1s, and O1s 

photoelectrons of surface groups. The kinetic energy of each electron is related to 

the orbital energy of the emission electron, and orbital energy is characteristic of 

atoms or molecules. The measurement in the surface analytic method reflects the 

percentage of oxygen and other heteroatoms on the most external surface. 

Functional groups are assigned based on the different binding energies of the 

groups, such as carbon atoms linked to oxygen atoms (Bandosz, 2008).  

Energy-dispersive X-ray spectroscopy (EDS) and quantitative determinations 

have been used to analyze inorganic material on surfaces, such as those left over 

from the activation process. These can be used to obtain information on the 

amounts and locations of these materials on the surfaces (Bandosz, 2008). 

Temperature-programmed desorption (TPD) is a method in which carbon 

sample is heated, and desorbed species from the surface are analyzed by mass and 

FTIR, gas chromatography, or gravimetric analysis. While heated, the surface 

functionalities chemically bond to the carbons; as they decompose, gaseous 

compounds evolve at different temperatures. The compounds evolved are mostly 

oxides, typically CO, CO2, H2O, and NO. TPD peaks are usually assigned to 

specific surface groups; however, they can be affected by factors such as the texture 

of the material or heating rate. The different shapes of the profiles after chemical 

modification of the material indicate the formation of different surface 

functionalities (Serp & Figueiredo, 2008). 

2.5 Production of activated carbon 

2.5.1 Raw materials  

Porous carbons have attracted attention because a wide range of materials can be 

prepared from a relatively inexpensive and wide variety of low-cost raw materials. 
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Several raw materials, including fossil and renewable sources, with high carbon 

content can be used for the production of AC. Raw materials for AC production can 

be divided into fossil- and biomass-based sources. Non-renewable raw materials 

such as coal, lignite, petroleum residues, and peat are used (Jüntgen, 1986; Munoz-

Guillena et al., 1992; Yahya, Al-Qodah, & Ngah, 2015). In addition, wood is used 

in the preparation of AC, and researchers have recently been studying AC 

preparation using lignocellulose materials and agricultural wastes. Apart from 

being effective in a number of applications, they are carbon-neutral and 

inexpensive because they are sourced from agricultural sector wastes and are 

abundantly available. As to sustainability, these porous materials can play an 

increasingly significant role in future applications and implementation, owing to 

the versatility of the systems designed for advanced applications (De, Balu, van der 

Waal, & Luque, 2015).  

Raw materials such as wood, straws, polymers, and palm and nut shells have 

been used in the preparation of ACs for various applications (Dias, Alvim-Ferraz, 

Almeida, Rivera-Utrilla, & Sánchez-Polo, 2007; González-García, 2018; 

Mohamad Nor, Lau, Lee, & Mohamed, 2013). The preparation of novel porous 

carbonaceous structures from renewable resources is a comparatively new area that 

is quickly being recognized in terms of application and economic advantages. 

Before the exploration of renewable resources, a large portion of carbon materials 

were synthesized from fossil fuel sources under relatively harsh conditions (De et 

al., 2015). Lignocellulosic biomass, as a naturally abundant, carbon-containing 

renewable resource, is considered a suitable carbon raw material for the synthesis 

of functional carbon materials (Liu, Jiang, & Yu, 2015). Lignin has generally been 

viewed as a waste byproduct or a low-value product in paper production. It is 

estimated that the annual production of chemical pulps reaches 150 million tons 

per year worldwide, and the total amount of lignin involved in pulp making is ca. 

70 million tons globally per year. The dominant current use of industrial lignin, 

accounting for about 95% of the total lignin market, is burning it directly to 

generate energy (Liu et al., 2015). The transformation of lignin into AC is 

economically feasible since its carbon weight content can reach 50% (Chen, 2015). 

Therefore, lignin has been used in several research efforts to produce carbon 

materials (e.g., Khezami et al., 2005).  
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2.5.2 Preparation methods  

In addition to the selection of biomass raw material, the preparation method is an 

important factor affecting carbon materials’ physicochemical properties (De et al., 

2015; Iwanow et al., 2020; Rodríguez-Reinoso, 1998). The AC is produced at a 

high temperature through slow carbonization of the raw material and activation by 

an agent. The purpose of activation is to improve the surface area and pore volume 

of AC by opening new pores and developing existing ones. The synthesis of AC by 

physical activation involves two basic procedures: carbonization and activation. 

Carbonization is the thermal decomposition (pyrolysis) and the removal of non-

carbon species from the raw material, in which volatile matter is reduced by 

producing charcoal with a high fixed carbon content. The preparation is done in an 

inert atmosphere to avoid combustion of the carbonaceous matter (Gao et al., 2020; 

Marsh & Rodríguez-Reinoso, 2006). AC synthesis includes physical or chemical 

activation of carbonaceous raw material. The choice of activator agent and 

preparation temperature are major factors in controlling the physical and chemical 

structures and can affect the performance and applicability of the AC that is 

produced. A schematic presentation of the AC production process appears in Fig. 8. 

Preparation can also include pre-treatment steps, such as material washing, drying, 

milling, and sieving (Iwanow et al., 2020). After the carbonization–activation step, 

post-treatment steps like washing and demineralization or modification with acid 

treatment can be employed, depending on the application for which the AC is 

intended (Gao et al., 2020). Byproducts from this process, such as gas and liquids, 

can be used for chemical production and heating. 
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Fig. 8.  Physical and chemical activation process in activated carbon production. 

Physical activation 

Physical activation is a two-step process in which the carbonization of the material 

is performed at high temperature in an inert atmosphere (N2 or Ar) and partial 

gasification of char by adding steam, carbon dioxide or air to the process as an 

activating agent to create the porous structure. Usually, temperatures in the range 

of 800–1000 °C are used (Iwanow et al., 2020; Rodríguez-Reinoso & Molina-Sabio, 

1992). During the carbonization of a carbonaceous material, volatile matter is 

eliminated from the bulk, followed by gasification that results in the release of 

carbon oxides from the carbon surface (Zhou, Luo, & Zhao, 2018). This 

gasification selectively eliminates first the more reactive carbon atoms of the 

structure that generate porosity and then produces the final carbon with the required 

pore structure (Rodríguez-Reinoso & Molina-Sabio, 1992). The heterogeneous 

process involves several steps: the transportation of gas agents to the sample 

surface; diffusion into the pores, sorption on the pore surface, and reaction of gas 

agents with carbon components; desorption of the reaction products; and their 

diffusion into the atmosphere (Mattson & Mark, 1971). The benefits of physical 

activation are its clean, green production without the secondary waste disposals that 

accompany chemical activation. The disadvantages of physical activation are 

related to its high activation temperature, long processing time, relatively low yield, 
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and surface area (Gao et al., 2020). The main factors affecting physical activation 

include the type and particle size of carbon precursors, gas flow, heating rate, 

carbonization time, and carbonization temperature (Gao et al., 2020). 

Chemical activation 

In chemical activation, an activating agent – whether acid, alkali, or neutral (salt) 

(e.g., H3PO4, KOH, or ZnCl2) – is impregnated in the raw material before the heat 

treatment process. After impregnation, chemical activation proceed as a thermal 

treatment in an inert atmosphere at different temperatures, depending on the 

activating agent chosen (Bedia, Peñas-Garzón, Gómez-Avilés, Rodríguez, & 

Belver, 2020). In the chemical activation process, slightly lower temperatures 

(approximately 450–850 °C) can be applied than are used in the physical activation 

process (Gao et al., 2020). During this step, reactions of depolymerization, 

dehydration, and condensation take place, resulting in higher carbon yields than in 

physical activation due to the restriction of the formation of tars and volatiles 

(Bedia et al., 2020). Activating agents can be classified into four types: alkaline, 

acidic, neutral, and self-activating (Gao et al., 2020). Different types of agents react 

with biomass raw material and lead to differing activation mechanisms. The porous 

structure of AC is developed through the synergistic effect of pore formation, pore 

expansion, pore combination, and pore collapse. For example with a neutral 

activating agent such as ZnCl2, the main pore-forming mechanism involves 

oxidation, template, and gasification (Gao et al., 2020). The last step of the 

chemical activation process is the removal of the remaining activating agent by 

washing, such as by acid wash. The advantages of chemical activation are its low 

heating temperature, high carbon yield, well-controlled porosity, and high surface 

area. However, the disadvantages of chemical activation include the cost of the 

chemicals, corrosivity, and required washing process (Gao et al., 2020; Yahya et al., 

2015). Moreover, after treatment of the raw material with chemicals, recovery of 

the chemicals should be carried out (Danish & Ahmad, 2018).  

Modification of activated carbon  

The precise properties of the resulting AC depends on the type of raw material, the 

activation method, and the chemical treatment used during or after the AC 

preparation step. Porous carbons can be used in surface functionalization to fine-

tune interactions with guest molecules. Further optimization of bulk and interfacial 
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properties of the materials can lead to advanced applications and possibilities (De 

et al., 2015). Oxidation of the carbon surface is the most commonly used method 

to achieve carbon modification (Bandosz, 2008). Liquid oxidants such as aqueous 

solutions of H2O2, HNO3, or NaOCl, and (NH4)2S2O8 etc., at a lower temperature 

(20–100 °C) are often applied (Moreno-Castilla, López-Ramón, & Carrasco-Marı́n, 

2000). Oxidation with HNO3 is commonly used because its oxidizing properties 

can be controlled by concentration and temperature (Boehm, 2002). Oxidation of 

carbon can affect hydrophilicity (wetting of the carbon supports), or oxygen groups 

can participate in metal dispersion by anchoring the metal particles to the surface; 

however, the latter process remains a matter of debate (Bitter & de Jong, 2008). 

Modification of the surface can also be carried out by sulfonation (Konwar, Mäki-

Arvela, & Mikkola, 2019); these carbons have been classified as a new type of solid 

acid catalysts characterized by their unique carbon structure and Brønsted acidity. 

2.6 Activated carbon as catalyst material 

ACs have been used in a number of catalytic applications because they can act as 

direct catalysts or, more importantly, as suitable support material. The properties 

affecting the role of the carbon as either catalyst or support are surface area and 

porosity and surface chemical properties such as inertness or activeness. A high 

surface area is essential for adsorption and achieving large metal dispersions and 

usually results in high catalytic activity (Figueiredo & Pereira, 2008; Rodríguez-

Reinoso, 1998). Fine chemical synthesis in the liquid phase has been reported to 

benefit from carbon-supported catalysts (Doesburg, de Jong, & van Hooff, 1999).  

In catalysis, the support can play an important role by increasing the surface 

area and the stability of the catalyst. Carbon-based support materials have been 

used for catalytic applications because of properties like high surface areas, high 

thermal and chemical stability, low corrosion, and easy recovery from the reaction 

mixture. Carbon materials are alternative support materials to commonly used 

inorganic materials like aluminum or silica oxides. AC materials’ surface areas are 

larger and their stability under acidic or basic conditions better than alumina or 

silica (Arunajatesan et al., 2008). Alumina and silica are dissolved under basic 

conditions, and alumina is also sensitive to acids. Moreover, AC supports are less 

expensive than alumina and silica supports, and the precious active metal phase can 

be recovered after use by burning away the carbon support (Rodríguez-Reinoso, 

1998). Another attractive feature is that waste and residue biomasses can be used 

as raw materials in the preparation of AC. Many types of carbon materials have 
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been used to prepare carbon-supported catalysts: graphite, carbon black, AC, 

carbon fibers, carbon-covered alumina, graphite intercalation compounds, glassy 

carbon, pyrolytic carbon, polymer-derived carbon, fullerenes, nanotubes, and so on. 

However, AC with its high surface area is the choice for most carbon-supported 

catalysts (Serp & Figueiredo, 2008; Serp & Machado, 2015). The properties and 

requirements of AC supports that are important parameters for catalyst activity and 

selectivity include surface area, pore volumes and distribution, purity, and the 

functionality of the surface. Moreover, the particle size and mechanical strength of 

the material are important factors affecting the recyclability of the catalyst 

(Arunajatesan et al., 2008). AC supports may also improve catalytic activity by 

acting as a co-catalyst, and their chemical properties can be changed by specific 

surface functional groups and physical properties that are tuned by controlling the 

pore structures (Rodríguez-Reinoso, 1998).   

Besides its use as catalyst support, AC can be used as a catalyst on its own 

(Figueiredo & Pereira, 2008). Although carbon is considered an inert material in 

comparison with catalyst supports such as alumina and silica, its surface has a 

certain proportion of active sites (Rodríguez-Reinoso, 1998), and that proportion 

can be further tuned by the selection of preparation method. Various reactions 

catalyzed by carbon materials from hydrogenation through oxidation and reduction 

to polymerization and chlorination have been found when carbons have been used 

as catalysts. Carbon’s oxygen groups have been found to play an important role in 

these reactions (Rodríguez-Reinoso, 1998). The functional groups on carbon, such 

as carboxyl groups and Lewis acids and base sites, have been found to participate 

in the dehydration and dehydrogenation reactions of alcohols. These types of 

reactions have been found on oxidated carbons such as nitric acid-treated carbons 

(Figueiredo & Pereira, 2008). Functionalized porous carbons like sulfonated 

carbons have been investigated as environmentally friendly solid-acid catalysts that 

can effectively replace mineral acids in certain catalytic reactions, offering in some 

cases the additional advantages of stability and reusability (De et al., 2015; Konwar 

et al., 2019).  

Even though AC materials have been used as catalyst supports or as catalysts 

themselves, their use is still not that common in industry. Carbon materials can be 

applied in reactions such as oxidation-reduction, hydrogenation-dehydrogenation, 

combination with halogens, and decomposition, along with dehydration, 

isomerization, and polymerization reactions. However, large-scale synthesis is 

based on impregnated AC catalysts (ZnO, CuO, or Fe2O3 on AC) that have been 

used in applications such as vinyl acetate and vinyl chloride production and the 
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desulfurization of natural gas (Serp & Machado, 2015). The potential growth in the 

market for catalysis depends on a better understanding of carbon surfaces and 

microstructures and improvements in quality control and production methods. In 

addition to the study of conventional carbon materials, the preparation of new 

carbon material such as carbon nanotubes, nanofiber, aerogels, and xerogels have 

been the focus of recent investigations. Because of this rapid growth in research, 

knowledge of carbon surface chemistry has improved substantially (Serp & 

Figueiredo, 2008). Although relatively good knowledge of conventional oxide 

support (silica, alumina, zeolites) surface chemistry has already allowed design 

catalysts, such examples are still rare for carbon materials (Serp & Machado, 2015). 

Consequently, more effort is needed to develop greener synthetic protocols to 

design biomass-derived carbon materials with the features required their catalysis-

related applications of future relevance (De et al., 2015). 

2.6.1 Preparation of carbon-supported catalysts 

A number of requirements can affect the preparation of AC-supported catalysts. 

Parameters affecting catalyst selectivity and activity that need to be taken into 

account when preparing AC catalysts include surface area, pore volume and 

distribution, purity, and the functionality of the surface (Arunajatesan et al., 2008). 

Typically, high surface area supports provide high dispersion and stabilization of 

the small metal particles. However, the pore structure can influence the 

transportation of molecules and the dispersion in the metallic active phase. Active 

sites placed in narrow micropores may not be accessible to reactants or metal 

nanoparticles or may be easily blocked, thus limiting the effectiveness of the 

microporosity. Therefore, mesoporous carbons can be more suitable for some 

applications (Figueiredo & Pereira, 2008; Rodŕíguez-Reinoso & Seṕulveda-

Escribano, 2008). The purity of the AC is also important for the performance of the 

catalyst, as the presence of ash in AC, such as metal oxides and silica, can affect 

catalytically active compounds in applications, and knowledge of their 

performance to the final catalyst is important. The amount and nature of the surface 

functional groups play a very important role in final catalytic applications. Surface 

functionalities have been suggested to act as nucleation centers for highly dispersed 

metal particles, influence the hydrophilic characters of the carbon, and to act as 

active centers for chemical reactions (Arunajatesan et al., 2008). As noted above, 

surface functionalities can be introduced to the carbon surface by, for example, 

oxidation. 
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Besides the characteristics mentioned above, the preparation method of a 

catalyst can substantially affect its performance (Bitter & de Jong, 2008) through 

precious metal loading, metal dispersion, and metal oxidation state, the addition of 

modified (or promoter) metals. Loading the active phase (e.g., metal or metal oxide) 

onto a support material is conventionally achieved by introducing a metal precursor 

solution into the pores of the support by methods like impregnation, followed by 

thermal heat treatments (Tafjord et al., 2021). This is done in order to deposit a 

large surface area for the active phase. The loading of the metal is typically in the 

range of 1% to 20%; however, higher weight loading is sometimes required for 

specific catalytic reactions (Arunajatesan et al., 2008). Dispersion of the active 

phase is a very important parameter of catalyst preparation that affects catalyst 

activity. Dispersion is defined as the ratio of the number of surface atoms of the 

active phase to the total number of atoms present (Jüntgen, 1986). The oxidation 

stage of the metal also affects catalyst performance; sometimes oxidic catalysts 

reduced in situ can exhibit better performance reaction (Arunajatesan et al., 2008).  

In many cases, the preparation of supported catalysts is achieved by 

impregnation, due to its simplicity (Bitter & de Jong, 2008). In the wet 

impregnation method, the support material is added to an excess of solution with 

the metal precursor; this typically means that larger catalyst particles form on the 

outside of the support. In the incipient wetness impregnation (IWI) method, also 

called the dry or pore volume method, the metal precursor is dissolved in the 

amount of solvent that is necessary to fill the pores of the supporting material. This 

method typically results in smaller catalyst particles with uniform metal loading 

after careful drying, calcination, and/or reduction (Bitter & de Jong, 2008; Iwanow 

et al., 2020; Geus & van Veen, 1999). In the ion adsorption method, the excess 

precursor solution is used but filtered away so that only the adsorbed ions are 

introduced into the support. Deposition precipitation is also sometimes used; in this 

method, the excess precursor solution is used with the support, and the active phase 

is deposited onto the surface rather than by drying or adsorption (Bitter & de Jong, 

2008).  

2.6.2 Catalyst stability and deactivation 

Catalyst deactivation, catalytic activity and/or selectivity loss over time, is a 

problem in the practice of industrial catalytic processes. The lifetime of a given 

catalyst is determined by its chemical, thermal, and mechanical stability, each of 

which can be affected by numerous factors, including catalyst decomposition, 
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coking, or poisoning. Catalyst activation can be followed by measuring activity or 

selectivity as a function of time (Hagen, 2005). Catalyst deactivation can involve 

either a temporary or a permanent loss of active sites for chemical and physical 

reasons (Baerns, 2014). If structural changes such as a loss of active metal area or 

severe poisoning by chemisorbed species occur during use, deactivation is likely to 

be irreversible and catalyst recovery unlikely. In some cases, regeneration can 

restore the catalytic activity of a spent catalyst. For example, if a catalyst has been 

deactivated by physical surface contamination, regeneration can involve thermal 

treatment of the catalyst to remove surface coatings and/or absorbed species. The 

decision to regenerate and recycle or discard a catalyst largely depends on the rate 

of deactivation. If it is very rapid, repeated or continuous regeneration becomes an 

economic necessity (Argyle & Bartholomew, 2015).  

Sintering of the catalytic material due to thermal effects is the main cause for 

many cases of catalyst aging. It may be thermal or chemical in nature, depending 

on reaction parameters like temperature and reactant concentration. In supported 

metal catalysts, it usually involves either a loss of active metal area or a decrease 

in catalyst support area. Sintering may include several other phenomena like 

dissociation of metal clusters, diffusion of metal atoms and crystals, spreading of 

particles, nucleation of particles, and coalescence (Baerns, 2014). 

Fouling or coking as a result of deposition on the catalyst surface and part of 

the active sites or pore plugging by coke or other contaminants caused by reaction 

byproducts or impurities can all result in the reduction of catalyst activity and 

shorten catalyst lifetime (Baerns, 2014). Recovery of the spent catalyst can be 

carried out by relatively easily removing the deposits from the surface through, for 

example, gasification with hydrogen, water, or oxygen (Argyle & Bartholomew, 

2015). 
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3 Materials and methods 

3.1 Lignocellulosic raw materials 

As a raw material for AC, lignocellulosic side stream and waste materials – Kraft 

lignin, hydrolysis lignin, and sawdust of spruce and birch – were used. They were 

obtained from collaborators or local companies. Characterizations of the raw 

materials are presented in greater detail in the papers.  

Biomass conversion reactions were performed with model solutions of glucose, 

fructose, dihydroxyacetone, furfural, and authentic solution of lignocellulosic 

biomass hydrolysates from spruce and fiber sludge.  

3.2 Activated carbon preparation 

ACs were prepared by physical activation with steam in a rotating quartz reactor 

inserted into a tubular oven (RSRB 80-750/11, Nabertherm GmbH, Fig. 9) for 

Papers I–III and Paper V. The ACs in Paper IV were prepared by chemical 

activation with zinc chloride and by physical activation with steam in a tubular 

oven (50/250/13-P320, Nabertherm GmbH RT) with a stainless steel tube.  

Fig. 9. Rotating quartz reactor in a tubular oven. 

The lignocellulosic raw materials were dried and sieved to a certain fraction size 

before activation and carbonization. In the physical activation process (Papers I–

V), carbonization and activation were carried out in a single-step process, with 

activation by steam followed immediately by carbonization that was carried out by 

slow ramping to the targeted temperature of 800 °C and followed by activation 
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feeding steam (0.5 ml/min H2O) into the system as an activating agent at 800 °C 

for 2 h. A constant nitrogen flush was used throughout the process. In the chemical 

activation process (Paper IV), zinc chloride dissolved in water was impregnated 

into the raw material at the weight ratio of 2:1, with mixing at 85 °C for 2 h. After 

this, the raw material was dried in a 105 °C oven until dry (constant weight). The 

material was then carbonized by a slow ramp to 600 °C and held there for two hours 

using a constant nitrogen flush. A summary of the AC preparation methods from 

the raw materials used in this thesis is presented in Table 2.  

Table 2. Preparation of the activated carbon supports by physical or chemical activation.  

Method Raw material Ramp 

(°C/min) 

Activation 

agent 

Temperature 

(°C) 

Holding time  

(h) 

Publication 

Physical 

activation 

Kraft lignin 6.5 Steam 800 2 Paper I 

 Spruce 6.7 Steam 800 2 Paper II 

 Birch 6.7 Steam 800 2 Papers II, III 

 Hydrolysis 

lignin 

5 Steam 800 2 Papers IV, V 

Chemical 

activation 

Hydrolysis 

lignin 

5 ZnCl2 600 2 Paper IV 

3.3 Activated carbon demineralization and modification 

The demineralization, ash removal, and modification of the prepared AC were done 

with HNO3, HCl, or H2SO4 (Papers I and III–V). The treatment was performed in a 

round-bottom flask with a mass ratio of 10:1 of acid:support and heated for 2–4 h 

at 85 °C, with mixing at ~100 rpm. After the acid treatment, the supports were 

filtrated and washed with hot distilled water until a constant pH was obtained and 

finally dried in the oven at 105 °C. The acid treatments performed for the prepared 

AC supports are presented in Table 3. In Paper II, no acid treatment was performed 

for the supports. In Papers I, III, and IV, untreated supports were used in addition 

to the acid-treated AC supports. 

  



45 

Table 3. Acid treatment of the activated carbon.  

Publication Raw  

Material 

AC  

preparation  

Acid treatment Treatment  

time (h) 

Paper I Kraft lignin Steam Activation No treatment 

3 M HCl 

1.5 M HNO3 

3 

 

Paper II Spruce Steam Activation No treatment - 

Papers II, III Birch Steam Activation No treatment - 

Paper III  Steam Activation 9 or 18 M H2SO4 2 

Papers IV, V 

 

Hydrolysis lignin Steam Activation No treatment 

3 M HNO3 

- 

4 

Paper IV  ZnCl2 Activation No treatment  

3 M HNO3 

- 

4 

3.4 Catalyst preparation 

The addition of metals to the surface of the AC support was achieved by the 

impregnation method in all five papers. The ACs were dried and sieved to a certain 

fraction size before catalyst preparation. Impregnation was done using the IWI 

method, in which the metal salt was dissolved in an amount of the water equal to 

the pore volume of the support material. Pore volumes were measured by N2 

physisorption. The amount of metal salt, equal to the metal percentage by weight 

desired in the finished catalyst, was dissolved in the water and mixed with the oven-

dried support material. The preparation methods for the catalysts and the precursor 

salts used are presented in Table 4. The mixture was set for a few hours or overnight 

to ensure its adsorption to the porous structure. The catalysts were then dried 

overnight in a 105 °C oven to remove the water. Finally, heat treatment at a higher 

temperature at inert atmosphere was performed in a quartz tube by feeding nitrogen 

flush into the system during heating to remove the salts, such as nitrates or chlorides, 

from the support and leave the desired metal or metal oxide. In some applications 

(Paper II), catalysts were reduced with hydrogen. The reduction was performed in 

situ when catalysts were used directly. In Paper I, an ultrasonic-assisted 

impregnation method was also applied, using an ultrasonic bath (USC 200 TH, 

45 kHz, VWR) during the addition of precursor solution (Co(NO3)3·6H2O 

dissolved in water) with a total ultrasound exposure time equal to 60 min at room 

temperature. After sonication, the catalyst was rotated overnight in a rotating mixer 
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(Rotavapor) and dried overnight at 105 °C. The heat treatment step was performed 

similarly for all catalysts. In addition, the precipitation technique was tested in 

Paper I. The cobalt precursor Co(NO3)3·6H2O was dissolved in distilled H2O 

together with urea in a molar ratio of cobalt to urea of 1:2, and AC. The resulting 

solution was heated to 80 °C and stirred overnight to precipitate the cobalt. Finally, 

the impregnated AC was dried overnight at 105 °C before heat treatment.  

Table 4. Preparation of the AC supported metal catalysts.  

Publication Catalyst 

metal 

Precursor  

metal salt 

Preparation  

method1 

Heat  

treatment 

Metal  

content 

(wt.%) 

Particle size 

(mm) 

Paper I Co, 

Co/Ru, 

Co/Re 

Co(NO3)3ꞏ6H2O 

Ru(NO)(NO3)3  

ReO4H 

IWI;  

Sonicate-assisted 

IWI;  

Precipitation 

320 °C,         

16 h, N2 

10,  

10/0.2 

0.05–0.10 

Paper II Pt,  

Ru,  

Ni 

Pt(NO3)4,  

Ru(NO)(NO3)3 

Ni(NO3)3ꞏ6H2O 

IWI 350 °C,  

5 h, N2 

1.5, 3,  

10 

1.4–2.0 

Paper III Zn ZnCl2 IWI 550 °C,  

2.5 h, N2 

5, 15 <0.15 

Paper IV Sn, 

Sn/Al, 

Sn/Cr 

SnCl2ꞏ2H2O 

AlCl3 

CrCl3∙6H2O 

IWI 350 °C,  

3 h, N2 

10,  

5/2.5 

0.15–0.425 

Paper V Sn, 

Zn 

SnCl2ꞏ2H2O 

Zn(NO3)2ꞏ6H2O 

IWI 350 °C,  

3 h, N2 

10 0.15–0.425 

1 IWI; Incipient wetness impregnation 

3.5 Characterization methods 

The prepared AC supports and catalyst characterization were carried out with 

multiple characterization methods. The prepared catalysts were characterized at 

their unreduced phases since it was not possible to use in situ conditions in the 

analysis with the instruments and laboratory facilities used.  

Ash content 

The ash contents of the supports left over from the preparation process and original 

biomass were determined by ash analysis (Papers I–IV). In Paper I, ash content was 

determined by using a known amount of AC combusted in a muffle furnace for 2 h 



47 

at 815 °C with a heating rate of 9 °C/min. The ash content was calculated as a 

percent of the initial dried biomass. In Papers II–IV, the ash content was determined 

by using the SFS-EN 14775 standard method at a lower temperature, 550 °C. First, 

the dried sample was heated to 250 °C at a heating rate of 5 °C/min; it was kept for  

1h at that temperature to allow the volatiles to leave the sample before ignition. The 

temperature was raised to 550 °C (at a heating rate of 10 °C/min) and maintained 

at that temperature for 2 h. The cooled sample was weighed and the ash content 

calculated. According to ISO 1171, the difference between the ash content at 815 °C 

and 550 °C is explained by the decomposition of carbonates forming CO2, due to 

losses of volatile inorganic compounds and further oxidation of inorganic 

compounds to a higher oxidation stage. 

Total carbon content and elemental analysis 

The percentage of total carbon present in the prepared AC supports was measured 

with a Skalar Primacs MCS instrument. Dried samples were weighed in quartz 

crucibles and combusted at 1100 °C in a pure oxygen atmosphere; the CO2 formed 

was analyzed by an infrared analyzer. The total mass of carbon in each sample was 

calculated as a percentage of the initially weighed mass. The ash content was 

determined using SFS-EN 14775 standard method. 

Elemental analysis of the prepared AC supports (in Papers I–IV) was 

performed by using a Flash 2000 CHN-O Organic Elemental Analyzer by Thermo 

Scientific. The ground and dried sample (about 1 mg) was placed in the analyzer 

and mixed with vanadium pentoxide (V2O5, 10 mg) to enhance burning. The 

prepared sample was combusted at 960 °C for 10 min using methionine as a 

standard for the elements C, H, and N, while the standard used for oxygen was 2,5-

(bis(5-tert-butyl-2-benzoaxazol-2-yl)thiophene. 

Specific surface area and pore size distributions 

Surface areas and pore size distributions of the prepared AC supports and catalysts 

were determined in all five papers by physisorption adsorption isotherms using 

nitrogen as the adsorbate. Determinations were performed with a Micromeritics 

ASAP 2020 instrument. Portions of each sample (0.1–0.2 g) were degassed at low 

pressure (0.27 kPa) and a temperature of 140 °C for 3 h to remove the adsorbed gas. 

Adsorption isotherms were obtained by immersing the sample tubes in liquid N2  

(–196 °C) to achieve constant temperature conditions. Gaseous nitrogen was added 
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to the samples in small doses, and the resulting isotherms were obtained. Surface 

areas were calculated from the adsorption isotherms according to the Brunauer–

Emmett–Teller (BET) method (Brunauer, Emmett, & Teller, 1938). The percentage 

distribution of pore volumes (vol.%) was calculated from the individual volumes 

of micropores (pore diameter < 2 nm), mesopores (pore diameter 2–50 nm), and 

macropores (pore diameter > 50 nm) using the BJH method (Barrett, Joyner, & 

Halenda, 1951) based on the Kelvin equation or by DFT. The classical BJH 

approach was used at the beginning of the studies (Paper I) for the mesoporous 

materials, while DFT was applied for the research in Papers II–V.  

Inductively coupled plasma – optical emission spectroscopy 

measurements 

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

coupled plasma optical emission spectroscopy (ICP-OES) using a PerkinElmer 

Optima 5300 DV instrument. Samples weighing 0.1–0.2 g were first digested with 

9 mL of HNO3 at 200 °C for 10 min in a microwave oven (MARS, CEM 

Corporation). Then, 3 mL of HCl was added, and the mixture was digested at 

200 °C for 10 min. Finally, 1 mL of HF was added, and the mixture was again 

digested at 200 °C for 10 min. Excess HF was neutralized with H3BO3 by heating 

at 170 °C for 10 min. Afterward, the solution was diluted to 50 mL with water and 

the elements analyzed using the ICP-OES method. 

Energy-filtered transmission electron microscope imaging  

The morphology of the catalyst particles impregnated to the supports was studied 

using a JEOL JEM-2200FS energy-filtered transmission electron microscope 

(EFTEM) equipped for scanning transmission electron microscopy (STEM). The 

STEM model is used for images, energy-dispersive X-ray spectroscopy analysis, 

and quantitative mapping of the catalyst. The catalyst samples were dispersed in 

pure ethanol and pre-treated in an ultrasonic bath for several minutes to create a 

microemulsion. A small drop of the microemulsion was deposited on a copper grid 

pre-coated with carbon (Lacey Carbon 200 mesh copper) and evaporated in the air 

at room temperature. The accelerating voltage in the measurements was 200 kV, 

while the resolution of the STEM image was 0.2 nm. The metal particle sizes were 

estimated visually from high-resolution STEM images of each sample. 
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Chemisorption measurements 

Metal dispersions and particle sizes were measured from thermally treated, 

calcined samples by chemisorption of carbon monoxide or hydrogen (in Papers I 

and II). Each sample (about 500 mg) was weighed in a U-shaped quartz tube, with 

the sample supported by glass wool. Before measurements, samples were reduced 

in hydrogen flow under elevated temperatures (250 °C for Pt and 350 °C for Ni and 

Ru), after which degassing down to 10-5 torr was performed at the same temperature 

for 2 h. Measurements were done using a Micromeritics ASAP 2020 or a Thermo 

Fisher Scientific Surfer Ultra Plus. Chemisorption measurements of CO were 

performed at 35 °C for Co and Pt, and chemisorption measurements of H2 were 

performed for Ni at 35 °C and Ru at 75 °C. Dispersion and particle size were 

calculated as described elsewhere. 

X-ray diffractogram measurements 

X-ray diffractogram measurements of the supports and catalysts were used to 

analyze the metal phases of the prepared catalysts. X-ray diffractograms were 

recorded with the PANalytical X´Pert Pro X-ray diffraction (XRD) equipment 

using monochromatic CuKα1 radiation (λ = 1.5406 Å) at 45 kV and 40 mA. 

Diffractograms were collected in the 2θ range of 5–80° at 0.017° intervals, with a 

scan step time of 110 s. The crystalline phases and structures were analyzed with 

the HighScore Plus program. 

X-ray photoelectron spectroscopy measurements 

XPS analyses were used to study the functionality of the prepared supports and 

metal phases of the prepared catalysts. Analyses were performed using the Thermo 

Fisher Scientific ESCALAB 250Xi XPS System. The samples were placed on an 

indium film with a pass energy of 20 eV and a spot size of 900 µm; the accuracy of 

the reported binding energies was ±0.3 eV. C, O, and N elemental data were 

collected for all samples and metal content. The measured data were analyzed with 

the Avantage V5 software. The monochromatic AlKα radiation (1486.7 eV) was 

operated at 20 mA and 15 kV. Charge compensation was used to determine the 

presented spectra, and the calibration of the binding energies was performed by 

applying the C1s line at 284.8 eV as a reference. The approximate detection depth 

of the analysis was <10 nm. 
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Temperature programmed measurements 

The total acidity of the prepared AC supports and catalysts were determined with 

ammonia TPD analysis using a Micromeritics AutoChem II 2920. Pre-treatment of 

the sample (50 mg) was done at 350 °C for 30 min under a helium flow (50 cm3/min) 

and then cooled to 100 °C. The acidity of the catalysts was obtained by NH3-TPD. 

Subsequently, 5 vol.% ammonia in the helium flow (50 cm3/min) was absorbed on 

the sample at 100 °C for 1 h, after which the dry helium flow was used to remove 

the excess ammonia on the catalyst surface. Finally, NH3-TPD was carried out from 

100 °C to 800 °C at a ramp of 10 °C/min in the dry helium flow.  

Catalyst reducibility was studied with temperature-programmed reduction in 

Papers I and II. In Papers III–V, catalysts used in the experiments were in their 

unreduced stages. TPR measurement was conducted with Altamira AMI-200 

equipment connected to a thermal conductivity detector. The samples (about 10 mg) 

were placed in a flow-through quartz glass tube. Before the measurements, the 

samples were dried under a He flow of 40 mL/min at 350 °C for 1 h, after which 

they were cooled to 30 °C. A cold trap between the sample tube and the detector 

was filled with CO2 ice to prevent any leftover moisture from entering the detector. 

A temperature ramp of 5 °C/min to 700 °C was used for the TPR measurements, 

with 2 vol.% H2/Ar flow of 40 mL/min. 

Titrimetric measurements 

The total acidity and basicity of the surfaces of AC and catalysts were characterized 

the Boehm titration method of acid-base back titration (Gomes, Miranda, Sampaio, 

Silva, & Faria, 2010; Oickle, Goertzen, Hopper, Abdalla, & Andreas, 2010). The 

samples (0.1 g) were weighed and separately mixed with 50 mL of 0.01 mol/L 

solutions of HCl or NaOH and shaken for 72 h in sealed vials at room temperature. 

The solutions were filtered with an 0.45 µm membrane filter. Acidic groups were 

determined by the back titration method – taking 10 mL of filtrate of NaOH, mixing 

with 20 mL of 0.01 mol/L HCl, and finally back-titrating with 0.01 mol/L NaOH 

using potentiometric titration. The total acidic group concentration was calculated 

assuming that the NaOH neutralized the acidic sites on the surface. Basic sites were 

calculated conversely by back titration with 0.01 mol/L HCl; the total number of 

basic groups were calculated with the assumption that HCl neutralized the basic 

groups on the surface. 
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PZC for the ACs was determined according to the batch equilibrium method 

(Babić et al., 1999). Solutions of the various initial pH values (2–12) were prepared 

by adding KOH or HNO3 solutions (0.01 or 0.1 mol/L) to 40 mL of 0.1 mol/L KNO3 

solution. The AC samples (0.2 g) were added to a 250 mL Erlenmeyer flask with 

the initial pH solutions. The mixtures were agitated for 72 h at room temperature, 

after which the pH was measured. The amount of H+ or OH– ions adsorbed by the 

ACs were calculated from the difference between the initial and the final 

concentration of H+ or OH– ions. 

3.6 Catalyst testing 

Catalyst testing was done using a variety of experimental applications. In Paper I, 

no catalyst testing was added. In Paper II, the catalysts were applied in the catalytic 

hydrotreatment experiments of furfural conversion to MF, and the experiments 

were conducted in a batch reactor (Parker Autoclave Engineers) at 210–240 °C with 

2-propanol as the solvent and 40 bar H2 pressure. In Paper III, the prepared catalysts 

were used to convert glucose to HMF in biphasic water-THF system in a Biotage 

Initiator microwave reactor at 160 °C. In Paper IV, the prepared catalysts were 

applied to glucose conversion to lactic acid in the batch reactor (HEL’s manual 

DigiCAT pressure system) at 160–200 °C and 5–40 bar N2 pressure. In Paper V, the 

catalysts were tested in the conversion of triose, hexoses, and biomass hydrolysates 

to ethyl lactate at 160 °C and 10 bar N2 reaction pressure in a batch reactor (HEL’s 

manual DigiCAT pressure system). The detailed reaction conditions and used 

analysis methods are presented in the publications.  

3.6.1 Catalyst stability  

Catalyst stability was studied by characterizing the catalysts after use (Paper II) or 

by recycling and using the catalysts multiple times in experiments (Papers III–V) 

and analyzing the metal leaching and pore blogging of the catalysts. 
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4 Results and discussion 

The results from Papers I–V are presented and discussed in this chapter, which 

answers the research questions raised at the beginning of the design stage of this 

thesis.  

4.1 Activated carbon preparation 

4.1.1 Surface area and porous structure 

The surface areas, pore volumes, and distributions of the AC supports prepared 

from Kraft lignin, hydrolysis lignin, and sawdust of spruce and birch were studied. 

The physically (steam) or chemically (ZnCl2) activated AC support surface areas 

were determined by N2-physisorption and the BET method. The ACs prepared by 

steam or chemical activation and their surface areas and pore volumes are shown 

in Fig. 10. The surface areas of the lignocellulosic material prepared by steam 

activation varied from 760 to 1050 m2/g. The surface area of AC prepared from 

Kraft lignin was 810 m2/g (Paper I); it as 760 m2/g from hydrolysis lignin (Paper 

IV). For spruce and birch sawdust (Paper II), the surface areas were approximately 

1000 m2/g in each case. However, the birch sawdust used in the Paper III study, the 

surface area was 800 m2/g. The birch raw material, storage time, and particle size 

were different in the studies in Papers II and III. Raw material characteristics and 

carbonization and activation conditions like particle size, steam feed, temperature, 

and time can all affect the physical and chemical qualities of AC (Gao et al., 2020). 

The time used for preparation was similar, except the small differences in the 

temperature ramping phase; however, the fraction size and the ratio of mass to 

steam feed were not constant in the preparation experiments. Moreover, the storage 

time of the raw material was different, which could have caused changes such as 

volatile material loss in the material during storage. Compared to physical 

activation, the chemically activated (ZnCl2) AC had a higher surface area. The 

surface area of the AC prepared from hydrolysis lignin was about 1600 m2/g. The 

literature widely reports that chemical activation used in the preparation step leads 

to higher surface areas of AC than physical activation (Gao et al., 2020). In 

chemical AC activation processes, the impregnation ratio and temperature are 

significant parameters influencing the creation of porosity and enlargement of the 
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surface area (Danish & Ahmad, 2018); by varying these parameters, porosity can 

be altered.  

Fig. 10. Brunauer-Emmett--Teller surface areas and density functional theory pore 

volumes (micro and mesopores) of the physically or chemically activated carbon 

supports used in Papers I–V.  

The pore volumes and pore distributions of the supports were measured using the 

DFT method in Papers II–V. In Paper I, the BJH method was applied; however, it 

was later determined that the BJH method is not suitable for microporous materials 

(Thommes, 2003); for this reason, DFT was applied in the later studies. The DFT 

pore volumes for the ACs in Paper IV, which were chemically activated, were 

almost double the steam-activated AC volumes, and more micropores were 

detected in AC activated chemically. However, the mesopore volumes were roughly 

the same in AC prepared from hydrolysis lignin whether it was steam or chemically 

activated. The pore volume distribution of micropores and mesopores was in a ratio 

of approximately 1:1 in all prepared supports (Papers II–V). A slightly higher 

fraction of mesopores was detected in steam-activated carbons and a higher fraction 

of micropores was found in chemically activated ones. The variably sized pores in 

AC’s porous structure can affect applications. Smaller micropores may be more 
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easily blocked, especially in the presence of larger molecules. Mesoporous carbons 

may be preferable for some catalytic applications since these larger molecules can 

enter the porous structure without physical limitations (Arunajatesan et al., 2008; 

Rodríguez-Reinoso, 1998). 

4.1.2 Ash content  

The purity (ash content) of the prepared ACs and demineralization with acid 

treatments were studied with nitric acid (Papers I, IV, and V), hydrochloric acid 

(Paper I), or sulfuric acid (Paper III). Acid treatment was used to remove the ash 

content and to modify or add functional groups to the AC surface. Unmodified 

carbon supports taken directly from the preparation process were used in Paper II. 

Demineralization of the surface is important since metals from the raw material 

used can remain on the AC surface after carbonization and activation treatment. 

Ash analysis, metal analysis (ICP-OES), EFTEM imaging with quantitative 

mapping, and XRD analysis were used to detect the mineral matter presence and 

contents in prepared carbons. The ash contents of the prepared ACs are presented 

in Table 5. The ash content of the ACs prepared from sawdust of spruce and birch 

was rather low at 2.6 and 7.9 wt.%, respectively. The inorganic materials in 

prepared commercial AC supports can be as high as 15 wt.% (Rodríguez-Reinoso, 

1998), and even higher content (>20 wt.%) has been detected in ACs prepared from 

coal (Munoz-Guillena et al., 1992). The residual metal content of the ACs prepared 

from sawdust was determined by ICP-OES and included K, Ca, Na, and Mg; the 

most abundant impurity metals were potassium and calcium. A number of other 

metals, including Zn, Cr, Fe, Ni, Pb, and Cu, were found at less than 0.01 wt.%. 

Acid treatment in Paper I with HCl and HNO3 removed some (HCl) or all (HNO3) 

of the ash content from the AC prepared from Kraft lignin. The ash content 

decreased from 6.1 to 4.8 wt.% with HCl treatment. With the Kraft lignin raw 

material, metals such as Na and K were detected (0.30 and 0.11 wt.%, respectively), 

but others appeared in low amounts (<0.02 wt.%). In Paper III, the ash content was 

not determined; however, the metal content before and after modification with 

H2SO4 was studied with ICP-OES. The AC support treated with H2SO4 indicated 

the removal of metals like Ca during the acid treatment. The ash content in steam-

activated carbon prepared from hydrolysis lignin and washed with H2O after 

preparation (Paper IV), was only 2.2 wt.%. Further treatment with HNO3 decreased 

the ash content to zero, as in previous research (Paper I). Overall, the ash content 

in prepared steam-activated, lignocellulose-based carbons was rather low. In 
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chemically activated carbons, the ash content after H2O wash was 7.6 wt.%, due to 

ZnCl2 from preparation. The zinc presence and content were verified with EFTEM 

images applied with quantitative mapping, XRD, and ICP-OES analysis from the 

support. The AC contained about 5 wt.% of Zn, which decreased to zero with 

further acid treatment using nitric acid. This indicated that washing with water after 

chemical activation was insufficient to remove the activating agent from the 

support.  

Acid treatments also appeared to have an impact on the porous structure of the 

carbons, according to physisorption analysis. In Papers I and IV, HNO3 treatment 

appeared to decrease some of the AC’s surface area and pore volumes. In Paper III, 

modification with sulfuric acid opened some mesoporous structures on the AC 

surface; a 20 vol.% increase in the mesopore volumes and a decrease in micropore 

volumes were detected. Acid treatment has been reported to clean the surfaces of 

ACs of materials like from tars and ash remaining in the porous structure after the 

carbonization and activation processes; however, structural changes can be seen 

when varying the treating agent, concentration, time, and/or temperature used in 

the acid treatment (Moreno-Castilla et al., 1995; Shen, Li, & Liu, 2008; Song, Liu, 

Cheng, & Qu, 2010).  
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4.1.3 Functionality  

The amount and nature of the surface functional groups on the prepared untreated 

and modified acid-treated carbons were studied using characterization methods, 

including elemental analysis, XPS, FTIR, Boehm titration, and PZC titration. 

Elemental analysis and XPS can be used to determine heteroatom contents like 

carbon, oxygen and nitrogen on the bulk (elemental analysis) or on the surface 

(XPS) of ACs. FTIR, XPS, and both Boehm and PZC methods can be used to 

determine the nature of the surface functional groups. Boehm titration can also be 

used to study the amount of acidic and basic functionalities on the carbon, while 

NH3-TPD analysis can be used to determine the nature and amount of acidic surface 

groups.  

The oxygen content of the chemically untreated ACs appeared to be rather low. 

The oxygen content of the steam-activated carbons prepared from sawdust ranged 

from 2.1 to 3.5 wt.%, according to elemental analysis (Table 5). From lignin-

prepared carbon, it was 2.2 wt.% (Kraft lignin) and 2.7 wt.% (hydrolysis lignin).  

The modification of the carbon surface with acid treatments was studied in 

Papers I, III, and IV. In Paper I, results from the elemental analysis showed that 

treatments with HNO3 or HCl increased the amount of hydrogen in the carbon 

support (Table 5). Treatment with HNO3 increased the nitrogen content in the AC 

support, but the amount of oxygen in the AC decreased to zero. According to the 

literature, treatment with HNO3 will increase oxygen at the carbon surface. In the 

results obtained from the elementary analyses, no such increase could be measured 

when using 1.5 M HNO3 and 3 h treatment time. Later, an oxygen increase with 3 

M HNO3 treatment (4 h) was indeed seen in the characterization studies in Paper 

IV (see Table 5). It is possible that HNO3 treatment at lower concentration and 

shorter reaction time (Paper I) did not modify the surface by adding oxygen. In 

Paper III, the surface was modified with H2SO4 treatment that added sulfur content 

to the carbon surface; moreover, an increase in oxygen content was seen from XPS 

analyses. The acid treatment was studied with 9 M and 18 M H2SO4 in order to 

create sulfonic groups on the carbon. It was noticed that, besides the sulfonic groups 

on the carbon, a higher number of oxygen-containing functionalities were added to 

the surface with stronger H2SO4 treatment (Table 5). According to the literature, a 

large number of oxidized functionalities such as phenolic and carboxylic acid 

groups can be created on the carbon surface during sulfuric acid treatment. It is 

worth noting that treatment time, temperature, and concentration of acid can all 
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affect the modification and oxygen contents, beyond the surface structural changes 

discussed earlier.  

In Paper IV, the preparation of steam-activated and chemically activated carbon 

was studied to compare the functionality of differently activated carbons; their 

modification with HNO3 treatment was also investigated. Elemental analysis and 

XPS analysis were used to detect the surface heteroatom contents. Analyses 

indicated that the oxygen content (Table 5) was higher in chemically activated than 

in steam-activated carbon and further increased with HNO3 treatment for both 

catalysts. The XPS analysis after HNO3 treatment detected mainly oxygen 

functionalities increase from the O1s scan. This mainly involved carbonyl oxygen 

from functionalities such as lactone, ester, carboxylic or anhydride, phenol, or ether 

groups. NH3-TPD analysis was also used (Paper V) to detect the strength of the 

acidic functionalities; it indicated low- to medium-strength acid functionalities on 

the AC surface after nitric acid treatment. Characterization was continued with 

Boehm titration (Paper IV), which indicated that acidic functionalities were 

introduced by nitric acid treatment. Furthermore, the treatment of chemically 

activated carbon resulted in a higher number of acidic functionalities than the 

treatment of steam-activated carbon. It was noted that basic functionalities could 

be detected only from steam-activated, unmodified, carbon surface with Boehm 

titration. It has been reported that treatment at high temperatures results in basic 

functionalities which could be enhanced by post-oxidation treatment (Boehm, 

2002). The surfaces of the prepared supports were studied by FTIR (Paper IV), and 

it was indeed noted that most of the acidic functionality was missing from the FTIR 

profiles of the steam-activated carbon prepared at 800 °C when compared to the 

chemically activated carbon prepared at the lower temperature of 600 °C. A 

discussion of the different mechanisms of the various activating agents appears in 

a recent review (Gao et al., 2020). The surface charge of the prepared ACs was 

studied in Paper II by PZC measurements. The charge of the AC surface prepared 

from sawdust without modification with acid was positive, indicating that no 

negatively charged acidic groups were on the surface after steam activation at 

800 ℃. In this case, the surface oxygen groups (see Table 5) could be basic, such 

as chromene- or pyrone-like structures, or π-sites, which have also been claimed to 

be important for the interaction of the support and metal dispersion (Bitter & de 

Jong, 2008).  

Some oxygen surface groups may not be stable under the heat treatment or 

reduction conditions to which catalysts are subjected to obtain the active phase, and 

their decomposition could lead to sintering of the metal species (Rodríguez-
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Reinoso, 1998). In Paper IV, the stability of the oxygen containing functionalities 

was studied after heat treatment at 350 °C under nitrogen. It was concluded that 

part of the functionalities were lost due to heat treatment; however, the loss was 

only approximately 20 mol.% and consisted mostly of carboxylic groups, which 

can break down at lower temperatures. Most of the oxygen functionalities on the 

surface were stable. In addition, a small nitrogen content increase was detected after 

the nitric acid treatment of carbons; however, the absence of nitrogen groups after 

heat treatment at 350 °C was noted in the XPS and FTIR analysis. 

4.2 Supported catalyst preparation 

The preparation of AC-supported catalysts was studied in all five papers. In most 

of the preparations, an IWI method was applied. In Paper I, ultrasonic-assisted 

impregnation and precipitation method were also studied. The metal salts of nitrates 

or chlorides were applied as precursors in the catalyst preparation to obtain the 

active metal or metal oxide phase in AC supports after heat treatment. The specific 

catalysts’ metal impregnation was done onto the surface in order to obtain 

approximately 1.5–15 wt.% of metal in the prepared catalysts. In this thesis, the 

effects of surface modification with acid treatment on catalyst preparation and the 

final catalyst were also studied. Before the active metal phase addition, chemical 

demineralization/modification was applied to the selection of AC supports. 

Catalysts were in oxidized form after preparation, and most of the characterizations 

(XRD, XPS, EFTEM/STEM, etc.) were performed for oxidized catalysts since the 

catalysts in Papers III, IV, and V were used in oxidized phases. In Papers I and II, 

reduced phases were also studied in part of the characterization, since catalysts 

were used as reduced in the application in Paper II.  

The surface areas, pore volumes, and distributions of the prepared catalysts 

were studied with nitrogen physisorption analysis. The BET surface areas and 

average pore volumes typically decreased by 15–25% during the impregnation of 

metal into the AC. This indicated the adsorption of particles into the pores or the 

partial blocking of the pores. Overall, more mesoporous volumes were lost during 

impregnation, indicating that particles were located largely in the mesopores rather 

than the micropores. In some of the catalysts, micropores were also filled; however, 

small metal particles were also detected in this case. With larger metal catalyst 

particle sizes, pore volumes decreased less, which might indicate that particles were 

located in the larger pores or on the outer side of the surface. With ultrasound-

assisted impregnation (Paper I), a higher surface area and a pore volume decrease 
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were found, which could indicate that more metal was added to the porous structure; 

however, partial carbon structure collapse can also occur during sonication 

treatment. 

The precursor salt and metal addition on the AC surface and the further effects 

of the oxygen-containing groups on impregnation was examined. The use of tin 

chloride as a precursor salt resulted in leftover chlorides on the catalyst (approx. 3 

wt.% of Cl on catalyst SnO@AC in Paper V), which could affect the selectivity of 

the catalyst. In Paper III, the zinc chloride was used as a precursor salt to add 5 or 

15 wt.% zinc on AC (catalysts ACL and ACL2). The metal content in two Zn on 

AC catalysts was notably lower than intended. Only approximately 2 wt.% of zinc, 

as measured by ICP-OES, was able to impregnate the catalyst surface in both cases, 

indicating that zinc was not attached to the surface. It was speculated that Zn 

bonded only with the oxygen atoms on the surface of the AC, and there was a low 

amount of such atoms (approximately 4 at.%) on the surface. When nitrate 

precursor salts or oxidized supports were used, the measured metal contents were 

close to what was expected (Papers I, II, IV and V). Oxygen groups on AC are in 

many cases related to the adsorption of metal cations or act as anchors for metal 

particles on the surface (Rodríguez-Reinoso, 1998). Nitrates, on the other hand, are 

known for their oxidizing ability and could oxidize the surface in the impregnation 

step. Moreover, when compared to chloride precursor salts, supported nitrates 

decompose rather easily under heat treatment (Małecka, Łącz, Drożdż, & Małecki, 

2015). In Paper V, zinc nitrate was used as a precursor salt in catalyst preparation 

(ZnO2@AC), and the metal addition (10 wt.%) succeeded as intended. However, 

the support in this case was also oxidized with nitric acid treatment to contain 

oxygen functionalities on the surface. Furthermore, the heat treatments after 

impregnation in Papers III and V were different, which could have affected the final 

catalysts. Based on the studies in this thesis, it is not possible to say whether the 

higher oxygen content on carbon surface affects metal loading or anchors the metal 

particles to the surface; extensive future research on this topic is needed. Further, 

no correlation between the oxygen-containing surface groups and the metal 

distribution on carbon surface was noticed in these studies. The dispersion was 

studied with chemisorption analysis and/or EFTEM imaging. In Paper I, 

modification of the AC with HNO3 did not lead to any particularly high cobalt 

dispersion. In Paper II, the higher metal distribution on catalysts determined by 

chemisorption analysis was related to the noble metals (Pt and Ru) rather than 

surface oxygen-containing groups. In Paper IV, no correlation with particle 

distribution with EFTEM imaging was detected when oxidized or unoxidized 



62 

supports were used. However, further study concerning oxygen functionalities and 

their effect on metal dispersion on the surface of AC should be carried out.  

If it is considered that one of the main advantages of carbon supports over 

conventional oxidic supports like alumina and silica is its inertness and easy 

reducibility of the metal on the support, the presence of oxygen groups would be 

detrimental. Because of this, the interaction between carbon and the active phase is 

weak, and the behavior of the catalyst will basically be governed by the chemical 

nature of the active phase (Rodríguez-Reinoso, 1998). For this purpose, untreated 

and steam-activated carbon supports with a low number of heteroatoms and a low 

ash content could be ideal. The lower reduction temperatures of cobalt oxides on 

carbon supports compared to traditional SiO2 supports were observed in the H2-

TPR profiles in Paper I.  
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4.3 Catalysts in applications  

The prepared catalysts were studied in the catalytic applications. In all conversion 

reactions, model solutions that could be derived from biomass, such as glucose, and 

furfural or authentic solutions like lignocellulosic hydrolysates were used in 

experiments. The prepared AC-based catalysts and applications studied are 

presented in Table 6. 

Table 6. Prepared activated carbon-supported catalysts in applications. 

Catalyst on AC Support Acid  

modification 

Application Publication 

Pt 

Ru  

Ni 

Spruce and  

Birch  

steam  

activated 

 

Unmodified MF production from 

furfural 

 

Paper II 

ZnO 

SO3H 

Birch  

steam  

activated 

 

Unmodified and 

modified with H2SO4 

HMF production 

from glucose 

 

Paper III 

SnO2 

SnO2/CrO2 

SnO2/AlO2H 

Hydrolysis  

Lignin 

ZnCl2 and  

steam activated 

 

Unmodified and 

modified with HNO3  

 

Lactic acid 

production from 

glucose 

Paper IV 

SnO2  

ZnO 

Hydrolysis  

Lignin 

steam activated 

Modified with HNO3 Ethyl lactate 

production from 

glucose and 

hydrolysates 

Paper V 

4.3.1 Conversion of furfural to 2-methylfuran 

In this application, sawdust-based ACs were used as a support for Ni, Pt, and Ru 

catalysts and studied in the conversion of furfural to 2-methylfuran, which can be 

used as a potential biofuel component. For this study, two types of AC supports 

were prepared by steam activation of lignocellulosic forest residue from Finnish 

birch and spruce. The structure and composition of the ACs were investigated. The 

prepared ACs were used from the steam activation process without chemical 

modification as supports for metal catalysts prepared by the impregnation method. 
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Catalysts were named by the impregnated mass percent (1.5–10 wt.%) of Pt, Ru, 

or Ni on the AC support prepared from birch (AC-B) or spruce (AC-S).  

The metal content and heteroatom composition of the prepared supports varied 

slightly. The birch support had slightly more oxygen content and mineral matter 

than the spruce support. However, neither support was found to be superior to the 

other. The most important factors for the catalysts’ ability to produce MF were 

found to be metal dispersion and particle size, regardless of support, and these were 

superior for noble metal catalysts compared to nickel metal catalysts. This indicates 

that low ash content or functionality did not meaningfully affect catalyst 

preparation. 

Catalytic hydrotreatment experiments were conducted in a batch reactor at 

210–240 °C with 2-propanol as solvent and 40 bar H2 pressure. Both ACs were 

suitable catalyst supports for furfural hydrotreatment, and the prepared catalysts 

were active, reaching close to 100% furfural conversion and high yields of MF 

(Table 7). The supported nickel catalysts were not as effective as noble metal 

catalysts at producing MF. The most important factors affecting MF yield were 

metal dispersion and particle size, along with reaction temperature. The highest 

observed MF yields were achieved with the noble metal catalysts with the highest 

dispersions at 240 °C after 120 min reaction time: 3 wt.% Pt on spruce (MF yield 

of 50%) and 3 wt.% Ru on birch (MF yield of 49%). Nickel catalysts were less 

active, most likely owing to lower dispersions and incomplete metal reduction. 

Interesting results were also obtained by varying the metal loadings: the lower Pt 

loading (1.5 wt.%) achieved almost the same MF yield as the 3 wt.% catalysts, 

which could facilitate the production of MF with good yields and reduced catalyst 

costs. The noble metal catalysts performed well compared with some other studies 

conducted in the liquid phase (Yan et al., 2014) as only 1.5 and 3 wt.% loadings 

achieved MF yields of 47–50 %. 
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Table 7. Furfural conversion at highest observed MF yield at 230 °C and 40 bar H2   

(Paper II). 

Catalyst Conversion  

(%) 

Time  

(min) 

MF yield  

(%) 

1.5Pt/AC-S  99.4  300  47.3  

3Pt/AC-S  99.8  300  48.2  

3Pt/AC-B  98.1  120  43.0  

1.5Ru/AC-B  99.3  300  34.7  

3Ru/AC-S  99.0  120  36.9  

3Ru/AC-B  99.5  180  40.7  

3Ni/AC-S  97.3  300  36.4  

3Ni/AC-B  99.0  300  24.5  

10Ni/AC-S  99.6  300  37.0  

Selected catalysts (3Pt/AC-S, 3Ru/AC-B, and 3Ni/AC-S) were characterized after 

use in the conversion reaction. ICP analysis, nitrogen physisorption, EFTEM, and 

XRD methods were all used to characterize the porous structures, metal contents, 

and phases after catalyst use. Based on the characterization results, platinum 

supported on the AC retained its characteristics after use. However, ruthenium 

leached from the support, while the nickel catalyst lost most of its porous structure 

during use, most likely because a deposit formed during the experiment.  

Based on the study with furfural hydrotreatment, biomass-based renewable 

ACs could be used as catalyst supports with high conversion rates. The most 

promising carbon-supported catalyst was platinum, which enabled high conversion 

rates and MF yields with low metal content and high dispersion and retained its 

properties after use.  

4.3.2 Conversion of glucose to 5-hydroxymethylfurfural  

In this study, AC was produced from a lignocellulosic side stream material of birch 

sawdust by steam activation. Novel heterogeneous catalysts were prepared from 

AC by adding Lewis or Brønsted acid sites on the carbon surface and were studied 

in the conversion of glucose to HMF, which is a valuable platform chemical and 

potential substitute for petroleum-based monomers of various polymers. It can be 

used as a starting material for biofuels, solvents, and pharmaceuticals.  

In this work, the AC produced was modified with ZnCl2 to create Lewis acid 

sites on the AC (ACL2) or with H2SO4 to create Brønsted acid sites on the AC 
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(ACB2). The objective was then to study the effectiveness of the prepared 

heterogeneous AC catalysts in the conversion of glucose to HMF in a biphasic 

water-THF system. The reaction conditions were studied in detail to find optimal 

catalyst loadings and reaction times. Furthermore, the recyclability of the catalyst 

containing the water phase was studied through some preliminary experiments. 

Conversion experiments were conducted in the biphasic water-THF system at 

160 °C in a microwave reactor. The highest HMF yield and selectivity, 51% and 

78%, respectively, were obtained in 8 h with a catalytic mixture containing both 

Lewis and Brønsted acid sites (ACBL2, Table 8). The study also found that plain 

AC washed with hot water (ACW) produced relatively good HMF yield and 

selectivity, although the selectivity was lower compared to modified AC catalysts. 

Most importantly, the AC and prepared heterogeneous catalysts were found to be 

more effective than homogeneous sulfuric acid or ZnCl2, indicating that AC-based 

catalysts are promising for HMF production, especially in terms of reaction 

selectivity. As a comparison with other studies performed in similar reaction media 

using heterogeneous catalysts (Atanda et al., 2015; G. Yang, Wang, Lyu, Lucia, & 

Chen, 2015), the HMF yield achieved with our catalyst (ACBL2) was comparable 

to those and HMF selectivity was notably better. 

Table 8. Results for conversion of glucose to HMF using various catalysts and solutions 

(Paper III). 

Catalyst  System  HMF yield (%)  Selectivity (%) 

-  Water-THF  1   - 

-  Water-THF/NaCl  35  44  

ACW  Water-THF/NaCl 44  57 

ACB2  Water-THF/NaCl 48  67 

ACL2 Water-THF/NaCl 49  67 

ACBL2 Water-THF/NaCl 51  78 

H2SO4

a  Water-THF/NaCl  37  47 

ZnCl2
b  Water-THF/NaCl 35 43  

H2SO4 + ZnCl2
c
 Water-THF/NaCl 33  45 

Note: Reaction conditions of 3 mg catalyst, 45 mg glucose, 0.35 g NaCl, 1 ml H2O, 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). 
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The stability of the best-performing catalyst (ACBL2) was studied by recycling the 

catalyst in the reaction. However, a characterization of the catalyst after use was 

not carried out, since only 3 mg of catalyst were used in the reaction, limiting the 

possibilities for characterization. The results of the recycling experiments showed 

that HMF yield decreased after each of the five consecutive runs. The decrease in 

yield during the recycling experiments could have been caused by adsorption and 

accumulation of polymeric byproducts or humins on the active sites in the porous 

catalyst.  

4.3.3 Conversion of glucose to lactic acid 

In Paper IV, heterogeneous biomass-based AC-supported metal oxide catalysts 

were prepared and tested for lactic acid production from glucose in an aqueous 

solution. Lactic acid is a valuable platform chemical that can be used, for example, 

in the preparation of biodegradable plastic polylactic acid. ACs were produced from 

hydrolysis lignin by chemical activation with zinc chloride (ACZ) or by steam 

activation (ACS). The modification of supports was carried out with a nitric acid 

treatment (ACZN and ACSN). Further impregnation of Sn, Al, and Cr chlorides (2.5–

10 wt.%) on the prepared AC supports was used to obtain carbon-based metal oxide 

catalysts. The activation method, acid treatment, and the metal oxide combinations 

and their effects at catalytic application were all studied in Paper IV. In addition, 

the reaction conditions were studied in detail to find the optimal catalyst loading, 

reaction temperature, pressure, and time. The catalytic experiments were conducted 

in a batch reactor at 160–200 °C in aqueous solution and 5–40 bar N2 pressure. 

All the tested carbon-supported metal oxide catalysts showed a high rate of 

glucose conversion (> 94%) and were able to convert glucose to lactic acid in 20–

120 min, depending on reaction conditions. The addition of tin oxide and aluminum 

oxide resulted in higher lactic acid production yields, in contrast to chromium oxide, 

which directed the reaction towards byproduct formation (Table 9). The effects of 

the support preparation and acid modification method were also studied. It was 

noted that modification of the carbon support by nitric acid treatment together with 

Sn and Al oxides led to an increased lactic acid yield. It was speculated that the 

increase in oxygen-containing functional groups and the acidity of the catalyst 

could accelerate dehydration reactions, besides the metal oxides as the active phase. 

Furthermore, chemically activated and nitric acid-modified supports containing 

higher surface areas and more acidic sites were used as catalyst support and 

compared to the steam-activated support. Otherwise, it might appear that the higher 
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surface area and acidity of the chemically activated and oxidized carbon-supported 

catalyst (Sn/Al5/2.5@ACZN) gave almost the same lactic acid yield (Table 9) as the 

similarly treated oxidized steam-activated one (Sn/Al5/2.5@ACSN), which had a 

lower surface area and amount of acidic groups. Both catalysts had approximately 

the same volume of mesoporous structure, but microporous volume was higher in 

the chemically activated catalyst. This indicates that the active phases in the 

smallest pores may not have been accessible to the reactants or were blocked. In 

addition, it was noted that zinc-activated carbon serving as a catalyst by itself 

produced good lactic acid yield (27%, Table 9), in contrast to the other prepared 

supports studied. This was due to the zinc metal, which acted as the active phase in 

the conversion reaction. Overall, the highest lactic acid yield (42%) was obtained 

after 20 min at 180 °C with the Sn/Al (5/2.5 wt.%) catalyst on steam-activated 

carbon treated by nitric acid (Table 9). The yields provided here were comparative 

to research with other heterogeneous catalysts (Dong et al., 2016). 

Table 9. Glucose conversion to lactic acid in aqueous solution and N2 atmosphere with 

activated carbon-supported metal oxide catalysts (Paper IV). 

Catalyst Catalyst supporta Conversion (%) Lactic acid yield (%) 

- - 48 5 

AC ACZN 44 5 

AC ACZ 97 27 

Sn10@AC ACZN 94 19 

Sn/Cr5/2.5@AC ACZN 95 20 

Sn/Al5/5@AC ACZN 100 27 

Sn/Al5/2.5@AC ACZN 100 31 

 ACS 98 24 

ACSN 100 34 

Sn/Al5/2.5@ACb ACSN 100 42 

Note: Reaction conditions of 0.1 g catalyst, 0.55 mmol glucose, 20 ml H2O, 180 °C, 30 bar N2, 120 min 
a ZN is chemically activated and nitric acid-modified; S steam activated; SN steam activated and nitric 

acid-modified AC. 
b reaction conditions: 0.2 g catalyst, 180 °C, 20 min, 5 bar N2.  

Catalyst stability of the best-performing catalyst (Sn/Al5/2.5@ACSN) was studied 

under optimized conditions, with the conclusions that the catalyst was not stable in 

the aqueous reaction solution and that the yield decreased after each of the four 

reuses. The catalyst’s porous structure was characterized by physisorption analysis, 

and metal leaching was investigated by ICP-OES analysis. It was concluded that 

the deposit of carbonaceous byproducts such as humines on the active sites and 
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leaching of Al oxides most likely led to a decrease in catalyst selectivity to lactic 

acid. After the fourth reuse, the catalyst was calcined to remove the deposits on the 

catalyst surface, which opened the porous structure. However, the lactic acid yield 

did not return to the initial level due to the leached aluminum sites.  

4.3.4 Conversion of glucose and hydrolysates to ethyl lactate 

In this study, hydrolysis lignin from a biorefinery side stream was used as a raw 

material to produce support materials for heterogeneous AC-based metal oxide 

catalysts to be used in ethyl lactate production. Alkyl lactates such as ethyl lactate 

show promise as bio-based, renewable, non-carcinogenic, and biodegradable green 

solvents and in the preparation of biodegradable plastic polylactic acid. To prepare 

the catalysts, the support materials were impregnated with Sn or Zn (10 wt.%). Tin 

and zinc were selected since they were active in the conversion studies of glucose 

to lactic acid in Paper IV. The AC support prepared from lignin with steam 

activation was treated with nitric acid in order to oxidize the surface. This was done 

because nitric acid-modified supports showed higher yields in the previous study 

of lactic acid production (Paper IV). The catalysts were used to convert model 

solutions of glucose and authentic lignocellulosic biomass hydrolysate solutions 

(from spruce and fiber sludge) to the lactic acid ester ethyl lactate. 

Dihydroxyacetone and fructose were studied as intermediate products in the 

reaction.  

The catalytic experiments were conducted in a batch reactor at 160 °C in 

ethanol under N2. The AC prepared for this study was not selective to ethyl lactate 

without metal oxide addition (Table 10). With the addition of active metal oxide 

phases, high yields of ethyl lactate were obtained in the conversion of glucose with 

both SnO2@AC and ZnO@AC catalysts. The tin catalyst was more active than the 

zinc catalyst in glucose conversion, producing a 45% yield of ethyl lactate in a 

shorter time; however, the selectivity of the zinc catalyst was much higher (61%, 

Table 10) when a longer reaction time was applied. Moreover, it was noted that the 

chlorine content left from the preparation process and the higher acidity of the 

SnO2@AC catalyst could participate in the reaction by decreasing selectivity to 

ethyl lactate and forming byproducts such as furan derivatives. It was also noted 

that oxidized catalyst support could participate in the unwanted side reaction of 

ethanol solvent dehydration into acetals. When biomass hydrolysates were added 

to the conversion reaction, acetal production was suppressed, and very high yields 

of ethyl lactate (84–86%) were obtained in the reaction. This high yield was due to 
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the salt (Na2SO4) originated in the hydrolysate biomass, which reduced acetal 

production. It is speculated that the neutralization of Brønsted acidity or increased 

basicity led to this result.  

Table 10. Glucose and hydrolysate conversion to ethyl lactate in ethanol and N2 

atmosphere with activated carbon-supported Zn and Sn oxide catalysts (Paper V). 

Catalyst Substrate Time (h) Conversion (%) Ethyl lactate yield (%) 

AC Glucose 6   4 

SnO2@AC Glucose 6  100 45 

 Fiber sludge hydrolysate 24  97 29 

 Spruce hydrolysate 24  95 24 

ZnO@AC Glucose 6  100 45 

 Glucose 24  100 61 

 Fiber sludge hydrolysate 24  98 84 

 Spruce hydrolysate 24  99 86 

Note: Reaction conditions of 0.1 g (SnO2@AC) or 0.2g (ZnO@AC) catalyst, 0.55 mmol glucose, 20 ml 

EtOH, 160 °C, 10 bar N2. 

The stability of the catalysts was studied in recycling experiments, and it was noted 

that when selectivity was high with the ZnO@AC catalyst, pore blocking due to 

byproducts or possible humine formation did not occurring; the catalyst retained its 

reusability in experiments. Overall, the carbon-supported catalysts showed 

promising results for ethyl lactate production from glucose and hydrolysates; the 

results found here were higher than in comparable research (Yang et al., 2017).  
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5 Conclusions 

This thesis focused on the use of lignocellulosic side streams as raw materials for 

AC supports that can be used in catalytic applications. Various AC supports were 

produced from Kraft and hydrolysis lignin and from the sawdust of spruce and birch 

by physical and chemical activation processes. The prepared ACs were used as such 

or modified with acid treatments. The physical and chemical properties of the 

produced AC supports were studied through multiple characterization methods. 

The ACs were used as supports for metal catalysts and studied in various catalytic 

applications. 

The first research question related to the use and suitability of lignocellulosic 

industrial waste and side stream materials as raw materials for AC supports. It was 

demonstrated that high-quality ACs with high specific porous structure could be 

produced from lignocellulosic side stream materials to be used as catalysts or 

support materials and that the porous structure could be modified and optimized by 

selecting the appropriate preparation method. Both of lignocellulosic side stream 

raw materials used, sawdust and lignin, were suitable in preparing AC material for 

catalysts. Lignin may have especially significant potential for use as a raw material, 

since sawdust containing valuable sugar monomers could be used; for example, 

hydrolysis treatment to obtain sugars, after which the hydrolysis lignin could be 

used for AC preparation.  

The second research question was related to the effect of the raw material, 

preparation, and modification methods on the characteristics, such as ash content 

and surface functionalities, of the AC supports for catalysts. The ash content varied 

slightly between the prepared ACs depending on the raw material; however, overall 

metal content was relatively low in those ACs and could be reduced by acid 

treatment. The functional group contents – heteroatoms on the surface – also 

slightly varied between the prepared ACs, depending on the raw material. However, 

the preparation methods used (the activation procedure and modification by acids 

such as nitric acid and sulfuric acid) had a greater effect on the functionality of the 

prepared ACs than did the lignocellulosic raw material.  

The suitability of the prepared lignocellulose-based ACs was studied in various 

catalytic applications. As a support for metal catalysts, lignocellulose-based ACs 

could be used as such with a high dispersed active metal phase, for example in 

hydrotreatment reactions. It was also noted in the studies that different 

compositions of the porous structure, mineral matter, and functionality or acidity 

could affect the catalytic application. In addition, active phases in chemically 
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activated carbon’s small micropores appeared not to be accessible to all reactants 

or were blocked in glucose conversion in aqueous solution. Mineral matter in 

chemically activated carbon acted as a catalyst itself in lactic acid production due 

to the zinc content that resulted from the preparation step. The functionality and 

acidity of the catalyst also affected reaction selectivity. In glucose conversion to 

lactic acid, nitric acid-modified carbon support seemed to yield higher lactic acid 

production. However, when studies were continued in alcohol solution and glucose 

conversion to ethyl lactate, the oxidized support appeared to participate in solvent 

conversion into byproducts. In glucose conversion to HMF, the AC was able to act 

as a catalyst by itself and, when modified with sulfuric acid, was able to notably 

increase the yield and selectivity. Furthermore, in most of the catalyst designs and 

applications, steam-activated lignocellulose-derived carbons were produced and 

found suitable for use as a catalyst support or catalyst in experiments, which 

ensures greener synthetic protocols compared to chemical activation methods. 

Overall, carbon-based catalysts showed promising results in terms of the 

conversion reactions studied and indicated that tailored catalyst supports for each 

application should be employed. 

Catalyst stability was also studied. It was concluded that in some of the catalyst 

experiments, reusability decreased due to, for example, pore blocking or active 

metal phase leaching. However, when selectivity was high, the pore blocking due 

to humine formation did not occur, and the catalyst retained its reusability in 

experiments under the studied conditions. 

In sum, lignocellulosic side stream materials can be used in the preparation of 

high-quality AC catalysts or supported catalysts; however, their preparation 

methods need to be optimized for each specific application. 

5.1 Future work 

In this work, it was not clear whether the surface functional groups on the AC 

support, especially oxygen-containing functional groups, arose in the catalyst 

preparation step by, for example, forming oxygen bridges to the active metal. In 

situ experiments in the impregnation step should be undertaken to understand how 

the metals are bound to the carbon surfaces in catalysts. This will help determine 

whether modification of the support to contain more oxygen functionalities is 

needed, since these oxygen functionalities can affect the selectivity of the 

conversion products in applications.  
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The experiments in this work were carried out at laboratory scale. In the future, 

for larger-scale industrial applications, more studies regarding catalyst support 

stability and longer catalyst working hours are needed. More studies with the 

conversion of actual biomass-derived substrates should be explored for possible 

biorefinery applications.  

Moreover, the strength of the AC materials should be tested in thorough 

mechanical tests. For larger-scale applications, larger particle sizes or pellets might 

be needed. The shaping and pelletizing of AC materials as catalyst supports is 

another avenue open to further research. The selection of various binder materials 

for the shaped pelleted ACs should be studied. It is especially important to study 

the binder material used for pelletizing without losing the active surface area; at the 

same time, the binding should be strong enough to make the catalyst support 

mechanically sound.  
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