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Varila, Toni, New, biobased carbon foams. 
University of Oulu Graduate School; University of Oulu, Faculty of Technology; Kokkola
University Consortium Chydenius
Acta Univ. Oul. A 750, 2020
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

The use of biomass has grown tremendously among energy-producing factories recently. In
addition to burning biomass to produce heat and electricity, new and environment friendly
products are being developed in order to utilize biomass more efficiently. Due to the variety of rich
carbon sources in biomass, this thesis focuses on the use of such carbon sources in producing
activated carbon foams.

The first part of this thesis consists of two sections. First, it notes that carbon foams are
produced using sugar as a source of carbon. It further notes that the sugar-based carbon foams that
have been produced were too brittle and, therefore, require further adjustment in order to produce
mechanically stronger foams. In the second section of the first part, this thesis addresses how
hydrolysable tannin, as well as hydrolysable tannin in combination with different lignin types, is
used to produce carbon foams and activated carbon foams. This section also studies the physical
properties of these foams. The results indicate that changing the catalyst during foaming, or using
the right lignin-to-tannin ratio (25 w%) and a four-hour thermal treatment at 1073 K, obtains the
highest influence on these foams’ mechanical strength. Up to 10 times stronger foams, can be
achieved with this method.

The second part of this thesis focuses on studying the properties and performance of activated
carbon foams based on hydrolysable tannin, pine bark, and spruce bark extracts as catalyst
supports in the conversion of furfural to 2-methylfuran and as adsorbents for the removal of
methylene blue. Based on the results, chemically activated carbon foams from spruce bark work
better than physically activated carbon foams in removing methylene blue from solutions due to
their more developed pore size distribution and higher specific surface area. The performance of
activated carbon foam derived from pine bark extracts in the conversion of furfural to 2-
methylfuran was similar to commercial reference materials’ 58%.

Keywords: activated carbon foam, adsorbents, carbon foam, catalyst, lignin, sugar,
tannin
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Tiivistelmä

Biomassan hyödyntäminen energiaa tuottavissa laitoksissa on kasvanut hurjasti viime aikoina.
Vaikka biomassaa poltetaankin lämmön ja energian tuotannon takia, uusia ja ympäristöystävälli-
siä tuotteita pyritään kuitenkin tuottamaan biomassasta, jotta sen hyödyntäminen olisi mahdolli-
simman tehokasta. Tässä opinnäytetyössä käytetään biomassan sisältäviä hiilirikkaita yhdisteitä
kuten tanniineja, sokereita ja ligniiniä aktivoitujen hiilivaahtojen valmistamiseen.

Väitöstutkimuksen ensimmäinen osa koostuu kahdesta osasta: Ensiksi, hiilivaahtoja ja aktii-
vihiilivaahtoja tuotetaan käyttämällä sokeria hiilen lähteenä. Tutkimuksissa huomattiin, että hii-
livaahdot olivat mekaanisesti liian hauraita. Vahvempien vaahtojen tuottamiseksi, käytetään tut-
kimuksen toisessa osassa hydrolysoituvaa tanniinia ja hydrolysoituvaa tanniinia yhdessä eri lig-
niinityyppien kanssa hiilivaahtojen ja aktiivihiilivaahtojen tuottamiseksi sekä tutkittiin niiden
fysikaalisia ominaisuuksia. Tulokset osoittivat, että mekaaniseen lujuuteen voidaan vaikuttaa
käyttämällä eri katalyyttiä vaahdotuksessa tai käyttämällä oikeaa ligniini / tanniinisuhdetta (25
paino-%) ja 4 tunnin lämpökäsittelyä lämpötilassa 1073 K. Jopa 10 kertaa vahvempia vaahtoja
voidaan saavuttaa tällä tavoin.

Väitöstutkimuksen toisessa osassa tutkitaan puhtaista hydrolysoituvista tanniini-, mänty- ja
kuusenkuoriuutteista valmistettuja aktiivihiilivaahtoja furfuraalin konversiossa 2-metyylifu-
raaniksi ja adsorbentteina metyleenisinisen poistossa. Tulosten perusteella kuusen kuoriuuttees-
ta tehdyt kemiallisesti aktivoidut hiilivaahdot toimivat metyleenisinisen poistossa kehittyneem-
män huokoskokojakaumansa ja suuremman ominaispinta-alansa vuoksi paremmin kuin fysikaa-
lisesti aktivoidut hiilivaahdot. Männyn kuoriuutteesta valmistettu aktiivihiilivaahto toimi furfu-
raalin konversiossa 2-metyylifuraaniksi lähes kaupallisten vertailukatalyyttien 58 %:n tavoin.

Asiasanat: adsorbentit, aktivoitu hiilivaahto, hiilivaahto, katalyytti, ligniini, sokeri,
tanniini
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1 Introduction 

1.1 Background and research environment 

Since the dawn of the Industrial Revolution, the use of fossil fuels has increased 
tremendously, especially within the last decades. According to a recent IEA 
(International Energy Agency) report, in total, 81.3% of global energy is produced 
using fossil fuels—oil (32.%), coal (27.1%), and natural gas (22.2%)—while only 
9.5% of energy comes from biofuels and waste materials.(International Energy 
Agancy, 2019) In Finland (2017), 28.5% of total energy was produced using solid 
biomass (bark and sawdust), liquid fuels, biogases, and industrial and municipal 
waste materials, 26.3% from fossil-based materials, and 17.0% from nuclear 
power.(International Energy Agency, 2018) According to the statistic, Finland 
produces around 80 million cubic meters of forest industry products annually and, 
as a by-product, 7.7 million tons of bark. (Vaahtera et al., 2018) In addition to the 
use of bark and sawdust as an energy resource in Finland, these materials can be 
further processed at bio-refineries to produce value-added chemicals and end 
products, as Figure 1 shows. In particular, tannin foams derived from biomass have 
gained significant interest among scientists. 

 

Fig. 1. Tannin foam production using spruce saw dust and bark as starting material.  
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Tannin-based foams, derived from condensed tannins, are considered 
environmentally friendly, and renewable materials. The main goal of using tannin 
foams is to reduce the use of plastic, toxic foams, and chemicals derived directly 
from fossil fuels. Tannin-based foams have been widely studied by a number of 
authors, and many of their physical properties are well known, such as their fire 
resistance, (Celzard, Fierro, Amaral-Labat, Pizzi, & Torero, 2011)  adsorption of 
heavy metals, (Tondi, Oo, Pizzi, Trosa, & Thevenon, 2009) water permeability, 
(Tondi, Zhao, et al., 2009) density, MS (Celzard, Zhao, Pizzi, & Fierro, 2010; Link 
et al., 2011) and thermal conductivity (J. Li et al., 2019).  Based on these studies, 
the most promising applications for tannin foams are thermal insulation alternatives 
for buildings. (Celzard et al., 2015) Another quite interesting development route for 
tannin foams has been their thermal upgrading at high temperatures to produce 
tannin-based carbon foams. These carbon foams have a unique structure and 
properties that benefit their use in applications such as energy storage, electrode 
material, and adsorbents.  

Despite the variety of studies investigating tannin foams and carbon foams, 
information containing specific data about physically or chemically activated 
tannin-based carbon foams, and their properties regarding specific surface area 
(SSA), pore volume (PV), and pore size distribution (PSD), has not been studied 
widely. In addition, tannin-based activated carbon foams’ (ACF) potential use as 
catalyst supports in heterogenous catalysis reaction or wastewater treatments has 
not been attempted. Therefore this thesis provides high novelty to scientific 
community, and open ups new possibilities for industrial applications.  

1.2 Scopes and objectives 

This thesis focuses on the synthesis and characterization of ACF derived from 
hydrolysable tannin, hydrolysable tannin combined with Kraft and hydrothermal 
lignin, pine bark extracts that were extracted using different solvents, and sucrose 
using different nitrate salts as a catalyst. The main idea for this thesis started with 
Paper I, which investigates carbons foams derived from sucrose and their properties, 
such as mechanical strength, density and porosity.  Later, these foams were tested 
in methylene blue removal. The results obtained from Paper I suggested that better 
carbon sources for these foams should be used due to sugar foams’ lack of MS. 
Papers II and III show that hydrolysable tannin and hydrolysable tannin with 
different lignin types are utilized to produce carbon foams. These papers focus on 
the characterization of produced carbon foams. Based on the results obtained from 
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papers II and III, we thought that since both tannins and lignin can be found in 
wood bark, it could be possible to extract them from bark using a different solvent 
and then use the extracts as a carbon source for preparing carbon foams. Later, we 
tested these carbon foams as catalyst supports (Paper IV) and adsorbents (Paper V). 
Figure 2 presents an illustration of this dissertation’s outline.  
 

Fig. 2. Outline of the dissertation. 

The main idea behind this thesis is to provide more information to the scientific 
community and answer the hypothesis listed below: 

1. Is it possible to tailor the physical properties of the biobased carbon foams  
such as mechanical strength with thermal treatment at high temperature or with 
the catalysts? 

2. What kind of results is obtained with physical activation methods compared to 
chemical activation? 

3. Are activated carbon foams suitable for being used as adsorbents or catalyst 
supports?  

4. Is it possible to synthetize bio-based carbon foams from extract solution from 
pine and spruce bark and utilize them in applications? 
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2 Tannin-based carbon foams 
Tannin-based carbon foams (TBCF) are foam alternatives for polystyrene, 
polyurethane and polyisocyanurate foams used in industrial sector. TBCFs are 
considered  healthier and more environment-friendly because the main structure of 
these carbon foams comes from tannins—non-toxic substances that can be found 
from multiple sources in the plant kingdom. One key factor that separates TBCFs 
from tannin foams is their thermal treatment at high temperatures. Most commonly, 
though, like basic tannin foams, TBCFs are prepared from quebracho (Schinopsis 
balansae), mimosa (Acacia mollissima), or pine (Pinus radiata) tannins, which 
have been extracted from tree structures using different solvent separations, 
followed by drying techniques (Arbenz & Avérous, 2015). Information about 
tannins, their structures, and their properties—along with TBCFs formulation and 
characterization—is presented later  in this chapter. In addition, tannins’ reaction 
with furfural alcohol, formaldehyde, and lignin in acidic conditions is discussed. 

2.1 Definition and classification of tannins 

“Tannin,” as a word, connotes a vast concept, and readers can face difficulty—from 
a definition point of view—in fully understanding what tannins really are. In terms 
of biology, tannins are defined as water-soluble complex polyphenols that are able 
to precipitate proteins or larger macromolecules from an aqueous solution 
(Salminen & Karonen, 2011). In terms of chemistry, tannins are defined as galloyl 
esters and their derivatives are bonded to polyol, catechin, or triterpenoid cores, or 
they can be different oligomeric and polymeric proantocyanidins, which are 
attached to different substitution groups (Khanbabaee & van Ree, 2001). Due to 
the variety of existing tannin types, Salminen & Karonen, 2011, suggested that 
tannins can be divided into three different categories, based on their molecular 
structure. 

2.1.1 Hydrolysable tannin 

Structurally, hydrolysable tannins are the most complex tannins, as Figure 3 
presents. They exist in several plants, such as chestnuts, oak, valonea, and 
myrabolans, and their phenolic moieties can be separated rather easily via different 
extraction methods (Thébault, Pizzi, Dumarçay, Gerardin, Fredon, & Delmotte, 
2014). Typically, hydrolysable tannins consist of several gallic acid (3,4,5-
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trihydroxybenzoic) or ellagic acid (hexahydroxydiphenic acid) units that are 
bonded to a central D-glucose molecule via ester linkages (Gross, 1999; Salminen 
& Karonen, 2011) 

Fig. 3. Building blocks for hydrolysable tannins. Redrawn from (Gross, 1999). 
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Due to hydrolysable tannins’ low reactivity, they are mainly used as an adhesive, 
as a coating agent, or even as a wood glue in wood-based products such as furniture 
(Singh & Kumar, 2020). The literature offers little information on the direct use of 
hydrolysable tannins in a foaming application. This thesis provides more 
information about hydrolysable tannins’ reaction with the specific substances used 
in foam synthesis, and it later presents their properties.  

2.1.2 Condensed tannins 

Condensed tannins (proanthocyadins) are perhaps the most common tannin type. 
Up to 90% of the commercial production of tannins is based on condensed tannins 
(Pizzi, 2006). They are polyphenolic compounds that comprise a group of 
polyhydroxy flavan-3-ol oligomers and polymers linked by carbon-carbon bonds 
between flavanol subunits. In other words, the basic backbone of a condensed 
tannin, presented in Figure 4, consists of 15 carbon atoms and two aromatic rings 
(A- and B-rings) linked to a heterocyclic ring with carbon-carbon bonds, with 
different substituents attached on aromatic rings (Schofield, Mbugua, & Pell, 2001). 
Condensed tannins’ reactivity highly depends on the HO- groups attached to the A- 
or B-ring. 
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Fig. 4. A) Skeletal backbone of condensed tannin structure B) Catechin molecule.  

Pizzi, stated in 1983, that A-rings in condensed tannins are more reactive than B-
rings linked to the heterocyclic ring.(Pizzi, 1983) For example, in catechin 
molecules (Figure 4B), there are two OH- groups attached to an A-ring (C7 and 
C5). Due to the position of the OH-groups present on the A-ring, resonance 
structures are possible, which raises the reactivity of nucleophilic centers in C6 and 
C8 atoms. The same orientation is not possible in B-rings, which lowers their 
activity significantly (Pizzi & Mittal, 2003). Condensed tannins have been widely 
used in many applications due to their variety of possible reactions that can occur 
under different conditions. In addition, condensed tannins are widely used in 
foaming applications due to their good reactivity.  
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2.1.3 Phlorotannins 

Phlorotannins are, structurally, the most simplified phenolic compounds, as Figure 
5 shows. They consist of phloroglucinol monomer units (benzene-1,3,5-triol), 
which are linked to each other with C-C or C-O bonds. Unlike hydrolysable and 
condensed tannins, phlorotannins are mainly present in marine plants, such as 
brown algae (Li, Fu, Duan, Liu, Xu, & Gao, 2017). Based on a review of the 
literature, this thesis finds that phlorotannins are mainly used in health-related 
applications due to their chemical properties. However, the literature offers no 
public record of foaming attempts with phlorotannins, which would be a very 
interesting topic to investigate in the future.  
 

Fig. 5. Structure of phlorotannins A) monomer unit, benzene-1,3,5-triol B) C-O bonding 
derivative of benzene-1,3,5-triol and C) C-C bonding derivative of benzene-1,3,5-triol. 
Redrawn from (Venkatesan, Keekan, Anil, Bhatnagar, & Kim, 2019). 
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2.2 Definition of carbon foams 

Carbon foams are sponge-like materials that have unique properties, depending on 
the raw material and the parameters used in the carbonization process (Chen, 
Kennel, Stiller, Stansberry, & Zondlo, 2006). The carbonization process uses high 
temperatures of 873–1173 K, under inert atmosphere, which means that carbon 
foams typically have high fire resistance, but that doesn’t mean they are fireproof 
under oxidizing atmosphere. However, Tondi and co-workers (2009) showed that 
tannin-based carbon foams thermally treated at 1173K can withstand acetylene 
flame in oxidizing atmosphere (3023-3323K) without ignition. (Tondi, Fierro, Pizzi, 
& Celzard, 2009) High total carbon content of up to 80–90 w% of total mass, MS, 
and resistance toward alkali and acidic substances are all good examples for 
physical properties that carbon foams usually have.  

Carbon foams can be classified morphologically into two categories: open-cell 
structures and closed-cell structures. In a closed-cell system (Figure 6A), the pores 
are not connected to each other due to trapped air or gases formed during foaming, 
which makes these types of foams  much denser. Closed-cell carbon foams typically 
have wider density ranges than open-cells (0.048-9.112 g/cm3), depending on the 
mixture formulation. (Drew & Guth, 2003) Due to their dense structure, closed-cell 
foams are used as sound or energy absorbers. In open-cell structures (Figure 6B), 
individual cells within the material are connected to each other to form a porous, 
interconnected network when air or other gases pass through (Vijay, Goetze, Wulf, 
& Gross, 2018). Usually,  open-cell structured carbon foams have low density 
(0.027-0.187 g/cm3) depending on the composition of the mixture used (Tondi, 
Fierro, et al., 2009) and they are lightweight—like, for example, polyurethane, 
carbon foams, catalyst support, and filter materials.  



27 

Fig. 6. A) Closed cell structure of tannin furanic foam. B) Open cell structure of sucrose 
based foam. 

2.3 Sugar-based carbon foams 

Main feedstock for sugar based carbon foams are carbohydrates such as sucrose, or 
starch, which can be used to produce carbon foams. This reaction requires an 
elevated temperature and nitrate metal salts (the catalyst and blowing agent) in 
order to initiate polymerization. Polymerization is a two-step process that starts 
with the evaporation of water used as a solvent. During this step, the glycosidic 
bonds between individual monosaccharide units (if disaccharides or starch is used) 
are broken, and units of free glucose and fructose are formed. After the evaporation 
step, the catalytic polymerization of the OH groups takes place, resulting in the 
formation of a structured carbon unit in which the C–O–C bonds connect the sugar 
units, which establish the backbone of the foam, as Figure 7 depicts. 
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Fig. 7. Porous sucrose based carbon foam prepared using nickel nitrate as a catalyst 
and blowing agent. 

In 2007, Prabhakaran, Singh, Gokhale, and Sharma (2007) were the first to 
introduce sugar-based carbon foams and study their physical properties, such as 
density, foam rise, mechanical aspects, and cell structure. Since then, different 
formulations of sugar-based carbon foams and their physical properties have also 
been studied. Paper I investigates carbon foams derived from sucrose and their 
properties and, ultimately, tests them in the adsorption of methylene blue before 
discussing the results.   

2.4 Synthesis of condensed tannin-based carbon foams 

The history of tannin foams traces back to 1994. Meikleham and Pizzi (1994) were 
the first to successfully synthesize TBCFs using a formaldehyde and furfuryl 
alcohol (FA) mixture as a crosslinking agent, and they were the first to study their 
properties. The polymerization of FA is a well-known reaction. Two outcomes can 
occur during the self-polymerization of FA. In acidic media, the formed carbocation 
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can react with the HO-group present in FA or with C5-carbon to form either an 
ether bond or a carbon-carbon bond, as Figure 8 shows. 
 

Fig. 8.  Self-polymerization of furfural alcohol. 

Similar to FA, formaldehyde can react with furfural alcohol under acidic conditions 
to produce furan-2,5-diyldimethanol, which can then react with condensed tannins 
such as FA derivatives. Figure 9 depicts the formation of furan-2,5-diyldimethanol.  
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Fig. 9. Reaction mechanism between FA and formaldehyde in acidic media. 

Pizzi, Tondi, Pasch, and Celzard (2008) studied the structure of condensed tannin-
formaldehyde-furfuryl alcohol-based foams (CTFFABF) with MALDI-TOF 
(matrix-assisted laser desorption/ionization–time-of-flight) mass-spectrometry. 
They found that the structure of CTFFABF comprises three main components: 
condensed tannin and a mixture of formaldehyde and FA polymerization 
derivatives. These species are covalently and randomly linked to one another, all 
effectively participating in and serving as structural constituents of the foam 
network (Pizzi, Tondi, Pasch, & Celzard, 2008). 

The formation of CTFFABF requires more than just crosslinking agents. The 
key factor in foam synthesis is bubble formation, which is usually generated using 
aliphatic organic solvents that have a low boiling point, such as diethyl ether or 
pentane (Li, Pizzi, Lacoste, Fierro, & Celzard, 2012). The selection of a blowing 
agent and the amount used in the foaming process are important because the foam’s 
morphology and physical properties—such as density and MS—highly depend on 
gas expansion (Basso, Giovando, Pizzi, Celzard, & Fierro, 2013). As previous 
research has well established, bubbles as such have a high risk of rupturing as a 
result of the forces applied to them. For this reason, some surface modifiers 
(surfactants) are usually mixed into liquid resin. Surfactants reduce liquid resin’s 
surface tension and—importantly, when considering foams—stabilize thin films 
against ruptures in order to obtain stable foams (Weaire & Hutzler, 2001). Finally, 
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complex mixtures of polymeric resin need a catalyst to activate the foaming process. 
The catalyst that is usually used is para-toluenesulfonic acid monohydrate (pTSA), 
mainly because the resulting reaction is easier to control using this catalyst. The 
foaming reaction is itself a highly exothermic reaction due to the auto-
polymerization of FA, which generates the heat required to evaporate the blowing 
agent, eventually allowing the foam to rise. After the foaming process, the liquid-
like foam matures at elevated temperatures to obtain a rigid foam, as Figure 10 
shows. 

 

Fig. 10.  Matured and shaped condensed tannin-formaldehyde-furfuryl alcohol based 
foam (CTFFABF). 

To produce TBCF, typically, matured foam is thermally treated at high temperatures 
(1073–1173 K) under an inert atmosphere of nitrogen or argon to prevent the foam 
from totally burning during carbonization. Several studies have investigated 
carbonization’s effect on the properties of CTFFABFs. Tondi, Pizzi, Pasch, and 
Celzard (2008) studied the structural properties of condensed tannin-formaldehyde-
furfuryl alcohol-based carbon foams (CTFFABCF) with a MALDI-TOF instrument. 
CTFFACF’s physical properties, such as MS, density, mass, volume, thermal and 
electrical conductivity, fire resistance, and permeability, have been also studied 
(Tondi, Fierro, et al., 2009). 
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2.5 Hydrolyzable tannin-based carbon foams 

From an industrial point of view, hydrolysable tannins are a far less interesting 
species than condensed tannins, mainly due to their low worldwide production (<10% 
of commercial tannin production), availability (from chestnuts and tara), relatively 
high price, and low reactivity. For these reasons, hydrolysable tannins are mainly 
used in the tanning industry (Kües, 2007). Despite the low industrial interest in 
hydrolysable tannins, a few attempts have aimed to make hydrolysable tannin-
based foams (HTBFs) already. The method used in this foam production differs 
from the production of CTFFABF foams, and its main goal has been developing an 
alternative to toxic polyurethane foams (Thébault et al., 2014). However, based on 
knowledge in the literature, carbon foams derived from hydrolysable tannins have 
not yet been prepared.  

The chemistry behind the formulation of hydrolysable tannin-based carbon 
foams (HTBCF) is based on the same reaction that Figure 8 presents. At first, a 
sensible prediction would suggest that a foaming reaction with a hydrolysable 
tannin (tannic acid) would not be possible, due to its weak nucleophilicity (Arbenz 
& Avérous, 2015). Paper II describes our first suggestion for the reaction 
mechanism that occurs during the foaming reaction. At the time of Paper II’s 
writing, we found it reasonable to believe that phenolic HO-groups in tannic acid 
are responsible for the polymerization reaction with FA. Recently, however, Luo, 
Zeng, Shu, Fu, Zhao, and Su (2018) showed that tannic acid under catalytic 
conditions will cause the deformation of tannic acid into glucose and gallic acid 
units. This deformation process leads to our assumption that multiple reactions can 
take place in foam synthesis when the catalyst pTSA is added to the system. 
Reactions between FA and gallic acid can occur, as Figure 11 suggests. Other 
reactions, such as glucose polymerization or reaction intermediates of glucose and 
FA derivatives, might happen simultaneously during the foaming reaction. 

Carbon foams from HTBFs were prepared in the same way as Section 2.4 
describes. Paper II describes and later discusses the properties of these foams—
SSA, PV, PSD, MS, and density. 



33 

Fig. 11. Suggested reaction routes for polymerization between tannic acid and furfuryl 
alcohol. 



34 

2.6 Hydrolysable tannin-based carbon foams enforced with lignin 

The pulping and paper industries are the biggest producers of by-products such as 
lignin and tannins, which are considered as low-value products—especially lignin 
(Merle, Birot, Deleuze, Mitterer, Carré, & Bouhtoury, 2016). Worldwide, 
approximately 100 million tons of lignin are produced per year (Bajwa, 
Pourhashem, Ullah, & Bajwa, 2019). The main usage of lignin—for example, in 
the paper industry—is burning it to produce energy for pulping boilers (Ek, 
Gellerstedt, & Henriksson, 2009).  

Wood structures’ main component is cellulose, and next come lignin and 
hemicellulose. The lignin content in different wood species varies from 15 to 25 
m%, depending on the wood type, whether spruce, birch, or pine (Alén, 2000; 
Norgren & Edlund, 2014). A closer look at the inside of the wood structure reveals 
that lignin is usually found in the middle lamella or within the cell walls (Alén, 
2000), as Figure 12 depicts. 

 

Fig. 12. Microscopic structure of wood. Reprinted by permission from (Harrington, 2002) 
Copyright University of Canterbury, 1996. Artwork by Mark Harrington. 
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Many applications for the production of high-value products from lignin exist 
already. The most useful application comes from sulphite pulping plants, which are 
the biggest suppliers of lignosulfonates. Lignosulfonates are commonly used in the 
concrete and cement industry as plasticizers, and so far, this practice seems to be 
the most useful application for lignin. Other applications—such as the production 
of activated carbon, phenols, and carbon fibers from lignin—have also gained 
considerable interest over the last years (Bajwa et al., 2019). Importantly, lignin has 
also found its way into foaming applications due to its phenolic properties. Recently, 
Merle et al. (2016) studied lignin-tannin-based foams and their physical properties, 
such as MS and thermal conductivity, which Paper III of this thesis also focuses on. 

Structurally, lignin is perhaps the most complex polyaromatic polymer with a 
variety of different functional groups, such as phenolic-OH groups and aliphatic 
alcohols. Scientists have successfully identified the three basic building blocks 
needed for lignin construction: p-coumaryl, coniferyl, and sinapyl alcohol. The 
latter two are connected to each other via α and β-O-4 ether linkages to form a 
complex structure. According to the literature, in alkaline solutions, the most 
reactive sites in lignin are the phenolic α-O-4 linkages, and far less reactive are the 
phenolic β-O-4 linkages or non-phenolic units.  (Evstigneyev & Shevchenko, 2019). 
In an acidic solution, a condensation reaction or cleavage of α-O-4 and β-O-4 
linkages into monomeric lignin fragments can occur, which can then further react 
with other molecules, such as aldehydes, as Li et al. (2018) suggest. Based on this 
finding, furfuryl alcohol—which is used in the foaming process—might react with 
the phenolic lignin fragments that form in acidic conditions and bind them later on 
in the tannic acid structure. Figure 13 shows the suggested reaction mechanisms 
for furfural alcohol and lignin fragments under acidic conditions. 
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Fig. 13. Suggested reaction mechanisms for lignin fragments under acidic conditions. 
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2.7 Carbon foam applications 

Based on a search of the literature, there are multiple applications available for most 
of the tannin-based foams and lignin-based foams but less information is available 
on carbon foams derived from lignin, condensed tannin, hydrolysable tannins, and 
their mixtures. In general, carbon foams derived from different raw materials can 
be used for example as energy adsorbers in bolt captures, blast mitigation walls or 
emergency landing systems due to their good mechanical strength and tailorable 
densities. Carbon foams typically have high corrosive and heat resistance. 
Therefore, carbon foams can be used as high temperature filters to filter molten 
metal before casting to protect sensitive temperature sensors. In addition, carbon 
foams are also used in cryogenic tanks, optics and mirrors and also in biomedical 
applications. (ERG Aerospace Corp, 2020) In addition, carbon foams derived from 
different sources suggest multiple other possible applications, based on their 
physical properties, such as porous electrodes (Wang, 1981), scaffolds for 
supercapacitors (Fischer, Saliger, Bock, Petricevic, & Fricke, 1997), and materials 
for acoustic control (Tondi et al., 2009). They are also attractive for many aerospace 
uses (Strom, Sweeting, Norris, & Morris, 1995). Recently, (Letellier et al., 2015) 
studied carbon foams derived from condensed tannins and their electromagnetic 
interference shielding efficiency in microwave frequencies. They suggest that the 
carbon foams they used are promising candidates for use in commercial 
electromagnetic interference shields. Carbon foams derived from lignin, 
hydrolysable tannins, and sucrose—and their usage in the aforementioned 
applications—would constitute an interesting topic for future research. 
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3 Materials and methods 

3.1 Biobased feedstock 

The biobased feedstocks (sucrose, tannic acid, Kraft lignin, hydrothermal lignin, 
spruce bark extracts and pine bark) used in our experiments were either purchased 
from suppliers or received from local companies. For Paper I, sucrose 99% was 
ordered from Alfa Aesar to prepare the sugar-based carbon foams. Tannic acid for 
Papers II–IV were ordered from VWR and Kraft and hydrothermal lignin for Paper 
III, pine bark for Paper IV, and spruce bark extract for Paper V were kindly provided 
by local companies. 

3.1.1 Catalyst, chemical activation agents and catalytic precursor 

The catalyst used in the foaming synthesis, para-toluene sulfonic acid monohydrate 
(pTSA, 99%), was ordered from Merck Company and used for papers II–V. 
Technical-grade (97%) ZnCl2 was delivered from VWR International and used as 
a catalyst (for Paper II) and as a chemical activation agent (for papers II, IV, and 
V). Boric acid (H3BO3, 99.4%) was ordered from J.T. Baker and used only in Paper 
II as a catalyst. The catalyst and catalytic precursors used in the preparation of the 
carbon foam catalyst for Paper IV were nickel(II) nitrate hexahydrate (20.17 w% 
Ni, purity 99%) and copper(II) nitrate hemi-pentahydrate (27.30 w% Cu, purity 
98%) from Merck KGaA and Alfa Aesar, respectively. For Paper I, iron(III) nitrate 
nonahydrate (13.7 w% Fe, purity 98%) from Merck KGaA and the precursors used 
for Paper IV (Cu and Ni) were used to produce sucrose-based carbon foams. 

3.2 Pre-treatment of pine bark 

The sucrose, tannic acid, Kraft -and hydrothermal lignin, and spruce bark extracts 
we received were used as such, but the pine bark was air-dried in a fume hood at 
room temperature (398 K) for one week. After the drying process, the pine bark 
was grinded and sieved into small particles (<1 mm) before further action was taken 
with this material.  
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3.3 Carbonization, physical and chemical activation. 

For all the papers of this dissertation, synthetized biobased foams were carbonized 
using a Nabertherm GmbH RT 50/250/13-P320 tubular oven. Some of the foams 
were further activated, physically or chemically, with the model that Figure 14 
shows. 
 

Fig. 14. Parameters during the physical or chemical activation procedures. 

The foams were crushed with a mortar and pestle and placed into a stainless steel 
reactor that was then, in turn, placed into a tubular oven for thermal treatment. For 
carbonization, the reactor temperature was raised from RT to 1073 K, using a 5–10 
K/min ramp. At this stage, the foams were either carbonized or physically activated 
with steam at the target temperature for one to four hours, depending on the desired 
product, under a nitrogen flow of 10 ml/min. If physical activation was preferred, 
a steam flow of 0.50 ml/min was turned on as soon as the temperature reached the 
desired level. After thermal treatment, the reactor was cooled down to RT before 
removing the samples.  



41 

 Chemical activation was performed by slightly modifying the method that 
Caturla, Molina-Sabio, and Rodríguez-Reinoso (1991) describe. Prepared biobased 
foams were first impregnated with a chemical activation agent, using the following 
different mass ratios of polyphenol to activation agent: Paper II, 1:0.65; Paper IV, 
1:2; and Paper V, 1:2. The next step was heating the solution at 358 K for three 
hours. Next, the solution was dried in an oven at 393 K for 24 hours. The 
impregnated foam samples were then placed into the reactor, and the temperature 
was raised from RT to 873 K, using a 5–10 K/min ramp. The samples were held at 
the target temperature for one to four hours. Prior to characterization, some samples 
were refluxed with 3 molar hydrochloric acid for one hour and then washed with 
deionized water until a neutral pH was obtained. 

3.4 Catalyst preparation 

For Paper IV, catalyst supports were prepared as follows. Prior to the dry 
impregnation of catalyst supports, the PV:s for all the support materials were 
measured as described in section 3.5.1. The amount of metal salts, Cu(NO3)3 x 2.5 
H2O and Ni(NO3)2 x 6 H2O, inside the support were calculated with a target metal 
concentration of 5 w% each. Metal salts were dissolved in an exact amount of water 
to fill the PV of each support. Supports were mixed time to time with a spatula 
during a four-to-five-hour period and, finally, dried in an oven at 373 K for 24 hours. 
All catalysts were thermally treated in a stainless steel tube in a fixed-bed reactor 
under a nitrogen atmosphere. Thermal treatment was conducted at 773 K, using a 
5 K/min ramp and a two-hour holding time at the target temperature in a flow of 
nitrogen (10 ml/min). 

3.5 Characterization 

In this chapter, the methods used for characterizing the different properties of 
carbon foams are described. 

3.5.1 Specific surface area and pore size distribution 

In all the papers of this dissertation, SSA, PV, and PSD were determined from 
nitrogen physisorption isotherms measured at 77.15 K. The measurements were 
made using a Micromeritics ASAP 2020 instrument (Micromeritics Instrument, 
Norcross, GA, USA). Portions of each sample (100–200 mg) were degassed at a 
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low pressure (0.27 kPa) and a temperature of 413 K for two hours in order to 
remove any adsorbed gas. Adsorption isotherms were obtained by immersing 
sample tubes in liquid nitrogen (77.15 K) to achieve constant temperature 
conditions, adding a small dose of gaseous nitrogen into the samples.  

SSAs were calculated from adsorption isotherms according to the BET 
(Brunauer–Emmett–Teller) method (Brunauer, Emmett, & Teller, 1938). Total pore 
volumes were calculated from adsorption isotherms at a P/P0 ratio of 0.985 and, in 
the case of the DFT (density functional theory) calculation (Seaton, Walton, & 
Quirke, 1989), as the total volume of pores measured at the maximum pore width. 
The PSD was calculated using the DFT algorithm and assuming slit-formed pores 
(Lastoskie, Gubbins, & Quirke, 1993). The percentage distribution of pore volumes 
(vol.%) was calculated from the individual volumes of micropores, mesopores, and 
macropores with the DFT model. Next, t-plot calculations were made using Harkins 
and Jura equations (Harkins & Jura, 1943). The instrumental setup used allowed 
for the measurement of micropores down to 1.5 nm in diameter, though smaller 
pores might also have contributed. The micro-pore areas and volumes were 
calculated using the t-plot algorithm. According to the literature, SSAs are usually 
measured with a precision of 5% (Hackley & Stefaniak, 2013). 

PSD can be divided into three sections, according to pore size. Micropores 
constitute pores with diameters of less than 2 nm, mesopores’ diameters are within 
2–50 nm, and macropores’ diameters are larger than 50 nm. 

3.5.2 Mechanical strength 

The mechanical strengths of the foams presented in papers II–V were determined 
using a ZwickRoell Z010 testing machine (Kennesaw, Georgia) with a load cell of 
10 kN. The loading speed was 0.1 mm/s, and the measurement ended when the 
force decreased by 50% from its maximum or the deformation reached 30%. 
Mechanical strength (σ) was calculated with Eq 1, 
 σ(MPa) = FA                                                          (1) 

 
where F (N) is the maximum force at the linear region of the compression curve 
and A (mm2) is the surface area. The accuracy of the instrument was ±1%. 
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3.5.3 Density 

The densities (ρ) of each carbon foam presented in papers II-V were characterized 
immediately following maturation and after the thermal treatment of the foams. 
Measuring the total volume and mass of each sample, ρ were obtained from Eq 2, 
which is defined as,  
 ρ 𝑔𝑐𝑚 = mV                                                       (2)   

 

where m is the mass of the sample and V is the total volume obtained by measuring 
the dimensions, length, height, and width of each rectangular-shaped, matured, and 
carbonized foam. The accuracy of this method was ±5%, depending on how 
accurately each foam was cut into its final dimension. 

3.5.4 Adsorption 

In papers I, and V, the ACF were tested for their adsorptive properties using the 
adsorption of methylene blue (MB) into the foams’ pores via the method Raposo, 
De La Rubia, and Borja (2009) describe. In short, a solution containing 1000 mg 
of MB per liter of H2O was prepared. A total of 50 ml of this solution was 
transferred into Erlenmeyer flasks of 250 ml in volume, 50 mg of the ACF was 
added, and the solutions were continuously agitated for 48 hours on an orbital 
shaker to achieve equilibrium between the adsorption and desorption of the test dye. 
The portions of each solution were filtered and diluted if necessary, and the 
absorbance of the solution was measured at 664 nm on a Shimadzu UV-Vis 2401 
PC double-beam spectrophotometer. The solution’s concentration was calculated 
from a calibration line obtained with known concentrations of MB. The adsorbed 
mass was calculated using Eq 3, and the percentage of MB removed was calculated 
using Eq. 4 𝑞(𝑎𝑏𝑠) = 𝑉(𝐶 − 𝐶 )𝑚                                                   (3) 

𝑀𝐵 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) =  (𝐶 − 𝐶 )𝐶                                                    (4) 
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where C0 is the initial concentration of MB (1000 mg/l), Ct is the measured 
concentration after 48 hours, V is the volume of MB solution used, and m is the 
mass of the ACF used. 

3.5.5 FESEM-imaging 

An energy-filtered transmission electron microscope (EFTEM/SEM) was used in 
Paper IV to study the morphology of catalyst particles using a JEOL JEM-2200FS 
equipped with a scan generator. The catalyst samples were dispersed in pure ethanol 
and pretreated in an ultrasonic bath for several minutes to create a microemulsion. 
A small drop of the microemulsion was deposited onto a copper grid that had been 
pre-coated with carbon (Lacey/Carbon 200 Mesh Copper) and evaporated in air at 
RT. An accelerating voltage of 200 kV was used, while the resolution of the TEM 
image was 0.2 nm. The metal particle sizes were estimated visually from high-
resolution TEM images of each sample. 

3.5.6 ICP-OES measurement 

The metal contents of the catalysts prepared for Paper IV were measured with 
inductively coupled plasma optical emission spectrometry (ICP-OES) using a 
Perkin Elmer Optima 5300 DV instrument. Samples of 0.1–0.2 g were first digested 
in a microwave oven (MARS, CEM Corporation) with 9 ml of HNO3 at 473 K for 
10 minutes. Then, 3 ml of HCl was added, and the mixture was digested at 473 K 
for 10 minutes. Finally, 1 ml of HF was added, and the mixture was again digested 
at 473 K for 10 minutes. Excess HF was neutralized with H3BO3 by heating at 443 
K for 10 minutes. Afterward, the solution was diluted to 50 ml with water, and the 
elements were analyzed by ICP-OES. 

3.5.7 XPS measurement 

X-ray photoelectron spectra (XPS) were measured with a Thermo Fisher Scientific 
ESCALAB 250Xi XPS System. The catalyst samples for Paper IV were placed on 
an indium film with pass energy of 20 eV and a spot size of 900 µm. The accuracy 
of the reported binding energies was ±0.2 eV. Ni, Cu and O, C, and N were 
measured for all samples. The measurement data was analyzed via an Avantage V5. 



45 

Monochromatic AlKα radiation (1486.7 eV) operated at 20 mA and 15 kV. Charge 
compensation was used to determine the presented spectra, and calibration of the 
binding energies (BE) was performed by applying the C1s line at 284.8 eV as a 
reference. 

3.5.8 Foam rise, cell sizes and their relative surface areas of sugar 
foams. 

In Paper I, changes in foam volume resulting from the polymerization reaction were 
regarded as foam rise and calculated on the basis of height changes. Foam rise was 
measured with different amounts of nickel, iron, and copper catalysts and a constant 
mass of sucrose. Foam rise was calculated as the height of individual foams after 
24 hours of polymerization, divided by the height of the individual starting material. 
The results were provided as a percentage of the initial volumes. 

After maturation, the sugar foams were cut into thin plates (0.2–0.3 mm) using 
a palette knife. These plates were carefully placed under a stereomicroscope 
(Euromex, Holland) attached to a digital camera. Pictures of the foam structures 
were taken using 20-fold magnification. These pictures were processed with 
computer software to calculate the mean values of the cell diameters and their 
relative surface areas. A total of 18 pictures were taken, two per sample. From each 
picture, 10 random cells were selected and analyzed in order to minimize statistical 
error in the results. 
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4 Results and discussion 
The results from original publications (papers I-V) are presented and discussed 
below. This section answers the research questions that were raised in designing 
this thesis. 

4.1 Catalyst effect on the properties of sugar based carbon foams. 

In paper I, the idea was to investigate the effect of different metal-based, nickel, 
iron and copper, catalysts on the physical properties such as SSAs pore 
development, cell sizes and densities of the activated sugar foams (ASF). The sugar 
foams produced were further carbonized and steam activated to produce AC foams 
with high SSAs and a high degree of micro-pores. The ASFs produced using only 
nickel as catalysts were tested for their adsorptive properties in methylene blue 
removal. Main findings are presented in Figure 15 and 16. 

 

Fig. 15. Influence of catalyst amount on the density and volume rise of sugar foams. 

The formation of sugar-based carbon foams resulted from the catalytic 
polymerization of the OH groups on the individual monosaccharide units, and this 
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polymerization led to the water molecules splitting off from other gases, which 
eventually caused the sugar foams to rise. Figure 15 shows a strong dependency 
between the catalyst added and the foam properties of the samples. Despite the 
metal used, an increase in volume was obtained in all cases. The highest volume 
changes were achieved using 4 m% nickel or copper in the foaming process. 

The sugar foams’ densities behaved in contrast to their volume increase, as 
Figure 15 also shows. As expected, when increasing the catalyst amount in the 
individual sugar foams, an almost linear decreasing effect was observed in the 
foams, independent from the catalytic metal used. The reason for this result is 
simple: the higher the volume increase (as in the cases of nickel and copper foams), 
the hollower the structure formed inside the sugar foam. If the volume increase is 
low (as in the case of iron foam), the structure formed is more compact because of 
the absence of reaction gases and, thus, denser materials are obtained. 

Activated sugar foam made with Ni-metal was tested in adsorption of 
methylene blue, and the results are presented in Figure 16. 

Fig. 16. Effect of the amount of mesopores on the adsorption capacity of methylene 
blue. 
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MB adsorption capacity seemed to correlate inversely with the mass of the catalyst 
used. When more nickel catalyst was added to a foaming solution, the material 
became less adsorptive. Pore volume, mainly PSD and the level of mesopores, 
appeared to correlate strongly with MB adsorption. As Figure 19 shows, the higher 
the mesopore amount inside the carbon, the more MB is adsorbed into the carbon. 
A higher catalyst content in a sample seemed to decrease adsorption ability. One 
possible reason for this interesting finding is the size of the methylene blue 
molecule. Micropores are too small to adsorb MB while mesopores are much larger 
and can, therefore, adsorb MB.  

4.2 The effect of reagents and physical properties on the 
mechanical strength of hydrolysable tannin-based carbon 
foams. 

Carbon foams were produced using pure hydrolysable tannic acid (papers II–IV), 
Kraft -and hydrothermal lignin as an enforcer for the foam (Paper III), and tannins 
extracted from pine bark (Paper IV) as well as spruce bark (Paper V) as starting 
materials. The starting materials were mixed with furfuryl alcohol, a surface 
modifier, a blowing agent, and a catalyst: respectively, pTSA (papers II–V), boric 
acid (Paper II), and ZnCl2 (Paper II). The tannin furanic foams (TFF) and carbon 
foams prepared were thermally treated at different temperatures, using different 
holding times. The mechanical strengths of the matured and carbonized foams are, 
respectively, listed in Table 1 and Table 2.  

Table 1. Mechanical strength of matured foams treated at 373-378 K for 24 hours.  
Different lignin origins in the table are marked with S or D (Lignoboost Kraft lignin) and 
HT (Lignoboost hydrothermal lignin). S and D lignins are from different pulping mills.   

Publication Sample 

name 

Sample descriptions MS 

(MPa) 

Density 

(g/cm3) 

Paper II TFFPM Tannin furanic foam made with pTSA catalyst, matured  0.04 0.05 

 TFFZnM Tannin furanic foam made with ZnCl2 catalyst, matured 0.10 0.15 

 TFFBM Tannin furanic foam made with H3BO3 catalyst, matured 0.10 0.29 

Paper III TFFS 1 Tannin furanic foam enforced with S lignin (10 m%),  0.049 0.083 

 TFFS 2 Tannin furanic foam enforced with S lignin (25 m%),  0.045 0,053 

 TFFS 3 Tannin furanic foam enforced with S lignin (50 m% ),  0.037 0.133 

 TFFD 1 Tannin furanic foam enforced with D lignin (10 m% ),  0.037 0.06 

 TFFD 2 Tannin furanic foam enforced with D lignin (25 m% ),  0.046 0.051 

 TFFD 3 Tannin furanic foam enforced with D lignin (50 m% ),  0.095 0.170 
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Publication Sample 

name 

Sample descriptions MS 

(MPa) 

Density 

(g/cm3) 

 TFFHT 1 Tannin furanic foam enforced with HT (10 m% ),  0.036 0.046 

 TFFHT 2 Tannin furanic foam enforced with HT (25 m% ),  ≈ 0 0.11 

 TFFHT 3 Tannin furanic foam enforced with HT (50 m% ),  0.046 0.212 

Paper IV S1 

(TFFPM) 

Support 1, Tannin furanic foam made with pTSA catalyst, 

matured 

0.04 0.05 

 S2 Support 2, made with pine bark extracts using pTSA 

catalyst 

1.15 0.178 

Paper V Dried 

tannin 1 

Tannin furanic foam made with spruce bark extract with 

pTSA catalyst 

0.19 0.343 

 Dried 

tannin 2 

Tannin furanic foam made with spruce bark extract with 

pTSA catalyst with different purification parameters 

0.26 0.162 

Table 2.  Mechanical strength of carbonized foams treated at 1078 K using different 
holding times.  

Publication Sample 

name 

Descriptions MS 

(MPa) 

Density 

(g/cm3) 

Paper II TFFPC1 Tannin furanic foam made with pTSA catalyst, 

carbonized for 1 hour 

0.18 0.05  

 TFFPC2 Tannin furanic foam made with pTSA catalyst, 

carbonized for 2 hour 

0.14 0.05  

 TFFPC4 Tannin furanic foam made with pTSA catalyst, 

carbonized for 4 hour 

0.16 0.05  

 TFFZnA1 Tannin furanic foam made with ZnCl2 catalyst, 

carbonized for 1 hour 

0.21 0.10 

 TFFZnA2 Tannin furanic foam made with ZnCl2 catalyst, 

carbonized  for 2 hour 

0.23 0.10  

 TFFZnA4 Tannin furanic foam made with ZnCl2 catalyst, 

carbonized for 4 hour 

0.55 0.10  

 TFFBA1 Tannin furanic foam made with H3BO3 catalyst, 

carbonized for 1 hour 

0.13 0.16 

 TFFBA2 Tannin furanic foam made with H3BO3 catalyst, 

carbonized for 2 hour 

0.20 0.23 

 TFFBA4 Tannin furanic foam made with H3BO3 catalyst, 

carbonized for 1 hour 

0.26 0.13 

Paper III TFFS 1 Tannin furanic foam enforced with 10 m% of S lignin, 

carbonized for 2 hours 

0.35 0.099 

 TFFS 2 Tannin furanic foam enforced with 25 m% of S lignin, 

carbonized for 2 hours 

0.22 0.055 

 TFFS 3 Tannin furanic foam enforced with 50 m% of lignin, 

carbonized for 2 hours 

0.18 0.127 
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Publication Sample 

name 

Descriptions MS 

(MPa) 

Density 

(g/cm3) 

 TFFD 1 Tannin furanic foam enforced with D lignin (10 m% ), 

carbonized for 2 hours 

0.21 0.057 

 TFFD 2 Tannin furanic foam enforced with D lignin (25 m% ), 

carbonized for 2 hours 

0.23 0.043 

 TFFD 3 Tannin furanic foam enforced with D lignin (50 m% ), 

carbonized for 2 hours 

0.20 0.171 

 TFFHT 1 Tannin furanic foam enforced with HT (10 m% ), 

carbonized for 2 hours 

0.15 0.046 

 TFFHT 2 Tannin furanic foam enforced with HT (25 m% ), 

carbonized for 2 hours 

0.27 0.087 

 TFFHT 3 Tannin furanic foam enforced with HT (50 m% ), 

carbonized for 2 hours 

0.046 0.195 

Paper IV S1 

(TFFPC2) 

Support 1, Tannin furanic foam made with pTSA catalyst, 

carbonized for 2 hours 

0.14 0.05 

 S2 Support 2, made with pine bark extracts using pTSA 

catalyst, carbonized for 2 hours 

2.29 0.15 

Paper V Dried tannin 

1 

Tannin furanic foam made with spruce bark extract with 

pTSA catalyst, carbonized for 2 hours 

0.55 0.31 

 Dried tannin 

2 

Tannin furanic foam made with spruce bark extract with 

pTSA catalyst with different purification parameters, 

carbonized for 2 hours 

0.14 0.17 

A comparison of the results presented in Table 1 and Table 2 reveals that thermally 
treated (carbonized) tannin-based foams are much stronger than matured tannin-
based foams in most cases. This difference in strength is due to the foams shrinking 
approximately 25–30% in x, y, and z axes, based on our tests. When such shrinking 
occurs, the foam’s structure becomes more rigid and compact, which leads to higher 
mechanical resistance to applied pressing forces. In addition, a minor positive effect 
can be achieved by changing the catalyst used during the foaming reaction. In Paper 
II, changing the catalyst from pTSA to ZnCl2 or H3BO3 doubled matured foams’ 
MS, as Table 1 shows. The reason for this doubling is the chemical bonding that 
occurs inside the foam structure. The most effective parameter that influenced the 
foams’ mechanical properties was the holding time in the carbonization process. 
Longer holding times increased the foams’ strength by up to five times compared 
to the foams’ initial states.  

Lignin is known to increase substances’ mechanical properties (Huang, Fu, & 
Gan, 2019). In Paper III, different amounts of different lignin types inside foams 
did not increase the matured foams’ MS significantly compared to the zero sample 
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(TFFMP, in Table 1). A variation in MS was noticed after carbonization. According 
to Table 2, the foams’ strength, analyzed in Paper III, increased up to 25 m% of the 
lignin inside each foam. A higher lignin amount in a foam’s formulation decreased 
the MS. 

Papers IV and V observe that even the raw material used for preparing carbon 
foam had a significant influence on MS. The crude pine bark extracts, used in Paper 
IV to prepare the catalyst support for furfural conversion to 2-methylfuran, 
contained sugars and lignin along with the CTs, which explains the high MS value 
for this support material. In Paper V, two crude extracts from spruce bark were 
obtained using hot water extractions with different temperatures and times. They 
were purified using an XAD7HP adsorbent and used to prepare the carbon foams. 
From the results that Table 2 present, it is clear that the purification of extracts 
resulted in a lower MS compared to the foam made in Paper IV due to the removal 
of some sugars and lignin fragments.  

Generally, high density of foam lead to higher resistance to applied forces (A 
Celzard et al., 2010). Interestingly, as papers II–V show, density seems to correlate 
indirectly with MS. In some cases, high density even lowered foams’ MS. Table 3 
lists the parameters that affect the foams’ mechanical properties. 

Table 3. Effect of parameters that influenced the mechanical properties of the carbon 
foams. 

Publication Foam type Temperature Holding time Catalyst Composition 

Paper II HTBCF High High Low - 

Paper III HTBCF  High - - Low 

Paper IV CTBCF  High - - High 

Paper V CTBCF High - - High 

- Parameter used was kept constant 

4.3 Parameters that affects the SSA, PV and PSD of carbon foams. 

One of the main cornerstones of this dissertation is its aim to provide new 
information about the physical and chemical activations of hydrolysable and 
condensed tannin-based carbon foams. Paper II studies the effects of the holding 
times and activation agents used in foams’ preparation on the ACFs’ surface 
properties, and Figure 17 shows the results that Paper II obtained. 
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Fig. 17. Comparison between physical and chemical activation methods at 1073 K. The 
difference in PV and SSA when varying the holding times.  

According to the results, the optimal holding time to obtain the highest PV and SSA 
is two hours in all cases. After this two-hour point, the values decrease. Physical 
activation with steam seems to work better in these conditions than chemical 
activation with ZnCl2 and H3BO3. Chemical activation at high temperatures, 
especially with ZnCl2, expands existing micropores into mesopores, and this 
process leads to lower overall SSA and PV as time passes (Bouchemal, Belhachemi, 
Merzougui, & Addoun, 2009; Demiral, Demiral, Tümsek, & Karabacakoğlu, 2008). 
Usually, chemical activation is conducted at lower temperatures, typically 673–873 
K, for the reasons mentioned above. Tondi, Pizzi, Delmotte, Parmentier, & Gadiou, 
(2010) also clearly prove this tendency. They show that it is possible to obtain SSA 
as high as 1875 m2/g for CTBF by chemically activating them with ZnCl2 at 773 K.  

We also studied the PSD of ACFs using the DFT-model. According to the 
results, the PSD for all the samples were—without exception—in the microporous 
region. As the DFT-calculations show and Figure 18 presents, only a slight change 
in the PSD was observed when changing the holding times and activation procedure. 
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For example, steam activation increased the amount of mesopores only 2.8% when 
increasing the holding time from zero to four hours. Arriagada et al (1997) and 
Miguel and co-workers (2003) noticed, while investigating peach stones and tire 
rubber, that by increasing the holding time at the target temperature higher amount 
of mesoporous are created. (Arriagada, García, Molina-Sabio, & Rodriguez-
Reinoso, 1997) (San Miguel, Fowler, & Sollars, 2003) Results obtained in this 
thesis are in good agreement with aforementioned publications. 
 

Fig. 18. PSD of physically and chemically ACFs. 

One key factor that must be considered is the ratio between the foam and the 
chemical activation agent. In Paper II, the ratios used were 1:0.65 for ZnCl2 and 
1:0.173 for H3BO3 and pTSA, which were relatively low but at higher ratios (1:2). 
Like the ratios used in papers IV and V, much higher SSA and PV were obtained, 
as Table 4 clearly demonstrates. In addition, by increasing the ratio, it is much 
easier to adjust the pore size distribution toward mesoporosity. 
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Table 4. SSA, PV and PSD of ACFs activated with ZnCl2 at 873K for 2h.  

Publication Sample name SSA (m2/g) PV (cm3/g) Micro (%) Meso (%) Macro (%) 

Paper II TFFPZnA2 737 0.31 100 0 0 

Paper IV S2 1361 0.89 45 55 0 

Paper V Dried tannin 1 1275 0.73 63 37 0 

 Dried tannin 2 1495 0.82 64 36 0 

Lastly, Paper III investigated the effects of different lignin types (see Table 1 for 
the sample names) on SSA, PV, and PSD. The results indicate that poor SSAs and 
pore development are obtained if foams are carbonized at 1073 K without steam 
activation. Increasing the lignin/tannin ratio from 10 w% to 50 w% decreased the 
SSAs and PVs significantly. One possible reason for this decrease is that the lignin 
sheltered the tannin-furanic structures and, therefore, prevented the development 
of porosity during carbonization. Alternatively, it may be harder to develop pores 
inside the lignin structure.  

Based on these results, the best SSA and PVs for activated carbon foam were 
obtained using a 25 w% lignin/tannin ratio in all cases. The highest PV and SSA 
were obtained using a 25 w% D-lignin ratio, 0.55 cm3/g and 1179 m2/g, respectively, 
and the lowest PV and SSA were obtained with HT-lignin, 0.35 cm3/g and 749 m2/g, 
in the same ratio. HT-lignin appears to have the highest impact on PSD. 
Microporosity decreased from 88.5% to 61.3% when increasing the lignin amount 
from 10 w% to 50 w%. On the other hand, mesoporosity increased when increasing 
the HT-lignin amount from 11.5% to 38.7%. Also, mesoporosity increased slightly, 
from 2.7% to 12.9%, when increasing the D-lignin amount from 10 w% to 25 w%. 
The S-type lignin seems to exhibit no correlation between porosity and the amount 
of S-lignin used in the formulation. Based on these results, these foams are more 
suitable and selective for use as catalyst support materials in the catalytic 
conversion of small molecules. On the other hand, SSAs for activated LTFFs are 
comparable with commercial activated carbons. Furthermore, they offer good PVs, 
which plays a key role in some applications, such as the adsorption of metal from 
wastewaters or gas storage.  

4.4 Activated carbon foams as catalyst supports 

Paper IV’s main focus was to determine whether ACFs derived from hydrolysable 
tannin and tannins extracted from pine bark can work better as catalyst support 
material than commercial activated carbon supports. In addition, Paper IV 
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investigated the effects of metal particle sizes and acid treatments with HNO3 (A1) 
or H2SO4 (A2) on catalyst activity and selectivity. ACF were impregnated with 5 
m% Ni/Cu metals via a wet impregnation method and finally tested in the synthesis 
of furfural into 2-methylfuran (MF). Table 5 presents the main results. 

Table 5. Furfural conversion at the highest observed MF yield, the corresponding 
reaction time and the side-product yield. 

Table 5 summarizes the product distribution at the highest observed MF yield for 
each catalyst. MF was the main product over the acid-washed, ACF-based catalysts 
and the reference catalysts. Since MF can further react to other products, selectivity 
typically began to decrease after reaching maximum selectivity. The highest MF 
yield (61%) was obtained with the Norit_S_Cu/Ni catalyst, whose support is steam-
activated commercial AC. The acid-washed commercial AC catalyst 
(Norit_A_Cu/Ni), steam-activated spruce-based AC (S3_Cu/Ni), and HNO3-
washed ACF (S2_A1_Cu/Ni) also exhibited high MF yields of 57%, 58%, and 48%, 
respectively.  

Compared to the ACF-supported catalysts, both acids (HNO3 and H2SO4) led 
to increased MF yield despite the conversions decreasing in some cases. Better MF 
yields with HNO3 probably related to the higher amount of surface oxygen groups 
in the catalysts. The considerably higher SSA and PV values for the mesoporous 
S2-based catalysts, as well as the microporous reference catalysts, seemed to 
benefit the conversion of furfural to MF.  

Several of the tested catalysts exhibited almost 100% furfural conversion to 
MF, but the most selective catalysts were Cu/Ni supported on pine-bark-extract-

Catalyst Conversion 

rate  

(%) 

Reaction 

time 

(min) 

Batch 

residence time 

(gcatmin/ 

greactant-1) 

Furfuryl 

alcohol 

yield 

(%) 

2-

methylfuran 

yield 

(%) 

Side 

products 

yield (%) 

S1_Cu/Ni 99 300 60 71 14 23 

S2_Cu/Ni 86 300 60 5 18 53 

S1_A1_Cu/Ni 93 300 60 16 37 40 

S2_A1_Cu/Ni 91 300 60 4 48 39 

S1_A2_Cu/Ni 66 300 60 13 20 33 

S2_A2_Cu/Ni 85 300 61 6 38 42 

Norit_S_Cu/Ni 96 120 23 8 61 27 

Norit_A_Cu/Ni 98 120 24 1 57 40 

S3_Cu/Ni 99 300 61 3 58 38 
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based activated carbon foam washed with HNO3 (48%) and Cu/Ni supported on 
commercial and spruce-sawdust-based activated carbon (57–61% selectivity), 
which exhibited the smallest metal particle sizes. Smaller metal particles were 
observed on the HNO3-washed support than on the H2SO4-washed support, which 
explains the higher activity of the HNO3-washed catalysts.  

4.5 Adsorption of methylene blue 

The final aim of this research is to investigate the adsorption capacity of ACFs 
produced from spruce bark extractives using MB. Foams were activated physically 
with steam and chemically with ZnCl2. Figure 19 shows Paper V’s main results. 

 

Fig. 19. Methylene blue adsorption capacity of ACF activated physically with steam and 
chemically with ZnCl2.  

As Figure 19 depicts, adsorption is highly dependent on the pore volume and 
especially on the mesoporosity of activated CFs. Chemically ACFs adsorbed 
methylene blue much more efficiently than steam ACF due to the higher degree of 
mesoporous structure and higher pore volumes. On the other hand, the reason for 
the high difference between microporous and mesoporous carbon on the adsorption 
of MB can be explained by the size of MB molecule and pore widths of micro -and 
mesopores. If pores are smaller than <2 nm there is a possibility that MB molecule 
(width = 1.43 nm, (Pelekani & Snoeyink, 2000)) is too big for most of the 
micropores to even enter and therefore the adsorption is very low. In case of 
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mesopores, the pore widths are greater (2-50 nm) and MB can easily adsorb inside 
the pores. The results presented in this thesis are in good agreement with Pelekani 
& Snoeyink results who studied the adsorption efficiency of MB on different 
phenol-resin based activated carbon with different PSDs. 
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5 Conclusions 
This research focused on the utilization of biobased products that are considered 
waste materials at an industrial scale. Tannin—especially hydrolysable tannin—
lignin, and sugars are components of wood and bark structures. Different carbon 
foams were produced using the aforementioned starting materials individually or 
in combination. The produced foams were further carbonized in order to study their 
mechanical properties or activated, chemically or physically, in order to study their 
physical properties—such as their specific surface area, pore volume, and pore size 
distribution behavior as adsorbents or catalyst supports. 

The first thesis question related to the mechanical properties of carbon foams 
produced from biomass and whether their mechanical strength can be adjusted 
through thermal treatment. As papers II–V show, thermal treatment has a significant 
positive effect on foams’ mechanical strength. By increasing holding time at a target 
temperature, up to 10 times higher foam strength can be obtained. In addition, using 
different catalysts or varying the proportion of components can slightly increase 
carbon foams’ mechanical strength. These findings provide the necessary tools to 
overcome the problem of tannin-based foams’ brittleness. 

The second thesis question led to novel information about the physical 
activation of tannin-based carbon foams and a comparison with chemically 
activated carbon foams derived from biomass. The results of Paper I indicated that 
physical activation can enable relatively high specific surface area, pore volume, 
and pore size distribution, measured using density functional theory calculations, 
without exception in the micropore region. Papers IV–V show that, by changing 
the ratios between a foam and a chemical activation agent (increasing the amount 
of the activation agent), a more mesoporous structure, a much higher specific 
surface area, and much higher pore volume are obtained compared to the physical 
activation method. Depending on their application, physical and chemical 
activations are well-suited methods to control the specific surface areas, pore 
volumes, and pore size distribution of carbon foams derived from biomass. 

The final aim of this thesis was to determine whether activated carbon foams 
can be synthesized from crude pine and spruce bark extracts, and to test these 
activated carbon foams both as adsorbents in a water purification process and as 
catalyst support materials in the conversion of furfural to 2-methylfuran. As papers 
IV and V stated, the synthesis of carbon foams using crude, unpurified extracts 
from either spruce bark or pine bark can indeed produce carbon foams with unique 
physical properties. Based on the adsorptive results that papers I and V present, the 
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adsorption of methylene blue inside the activated carbon foams’ pore structure 
highly depends on the foams’ mesoporous structure. A microporous structure 
affords a low adsorption capacity due to methylene blue’s large molecule size. 
Maximum methylene blue adsorption was achieved with chemically activated 
carbon foam derived from spruce bark extracts (240 mg/g).  

Novel information was obtained from the use of these carbon foams as catalyst 
supports. The bimetallic support performed well in the conversion of furfural in 2-
methylfuran, obtaining up to 100% conversion rates with 58% selectivity. Although 
better results were obtained with commercial catalyst supports, these supports are 
limited by their mechanical properties, unlike the activated carbon foams presented 
in this study. 

In conclusion, this study finds that highly developed activated carbon foams 
can be prepared from forest residue materials. Based on this thesis, these foams are 
ideal candidates for multiple applications, such as water purification. These foams 
also provide good mechanical strength, surpassing the mechanical strength of many 
powder-form-activated carbons, which could benefit the chemistry of 
heterogeneous catalysts, for example. 
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6 Perspectives 
The synthesis of ACFs derived from different bioresources was carried out on the 
lab scale. The potential uses of these carbon foams in larger-scale applications—
such as in the construction industry or as adsorbents or catalysts—should also be 
studied, and adsorption tests should use real waste waters in future studies. 

From a techno-economical point of view, tannins (and especially purified 
tannins) are rather expensive to produce and then use as a carbon source in carbon 
foams. For this reason, lignin would be a more economically feasible raw starting 
material for these foams. It is considered a waste material, and it is easily available 
due to its enormous worldwide production of 100 million tons per year (Bajwa et 
al., 2019). 

The formulation of new and environmentally friendly lignin-based carbon 
foams—as well as their utilization and properties—would be an interesting topic 
for future study. 

Further, the research of this present thesis performed adsorption tests using the 
standard methylene blue adsorption method. However, testing these ACFs derived 
from biomass with actual municipal or industrial wastewaters could yield 
interesting results and show, for example, how well they adsorb heavy metals. 
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